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o : . ABSTRACT" T :
a .j : . T . Lo
.. .During the last ten years, Canada has consumed more

petroleum than she has produced: . To:reduce this dependency on

politically ? unstable supplj- foreign oil, - ul;én alive
:\'. . e kN

domestic - sources must be “qgQQ-dped'. Heavy oil a sands
. ‘ N

are expected _to oﬁly partially offsetl Cansda's ¢ Yy on

. ! -~ -y ) B e,

) . g ) . - ]
imporged oil . This 'is, where :Kohanced -0il ‘Recovery tEOR)

s seem the brightest., .

-

4

Petroaleum occurs . in° underground reservoirs with some

so-called connate water which contains monovalent ions such as
R i s

Na and Cl and -in  mosl cases also divalenl .ions like
+ + ++ ’ ‘ )
Ca and Mg . These divalent .ions have bheen " known  to

_ 5 ; .. i
increase’ the interfacial tension {IFT} between the waler phase

i

and the oil phase in tertiary nli recovery when surfactants are

used to displace the oil. Furthermore, divalent ions nre

considered to cause _complications in.reservoir floonding. This

is because they form precipitates with = surfactants and
insoluble hyd?oxides with the alkali used in canustic flooding . *
- ." * /
In this study,, interfacial tensions between a Canadian light
-t T ) ’

~

. .,":, . )
crude o0i1l  (from nC&gthnm, Ontario) and various rconnate walers,

containing different 1ion concentrations, were measured bath

with and without - surfactants present . il recovery tesis

¥ * ' <
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e were then conducted in model porous media composed of very fine .

- s P . ' . - l\ ' d ‘e B t - s
r £ .particles.. To prepare the'porous medium, the core holder

was .filled, with connate wafer and packed with the glasa beaQs
) - ‘ i
a -’ wet packang techn1que. The cell was then fléoded with

until " the initial oil . satératt%g' (1rreduc1h1e ‘water

qaturatlon) was'i?achpd T 7} Ei. S -

et . -
Y 1 . o H
o, ¢

0il recoverym expe r1mentq' weré carried out - using . two

\

.strategiés. Strategy I consisted,é firs&”ﬂlquing the porous

N A

medium with 4-5 - pore volumes (P of t same gdg:;te water

until no ﬁbre qfl -codld ‘be redéﬁered, ollowed by 34 pore .

bt

volumes of surfactant solut jon. In strategy .iI, the

.- 'ofIISaturatéd cell was floode#d direc lym‘ith 5- pore golumes

oil was produced. It wag found that

of surfactant until no mo

l tiary recovery was higher, despite thelgreater 'ail-

The cépil;ary ‘numbérs (N and.ionic strengths (\[S) for
the - different systems were izalcu]ated{ Tﬁe rélati nshibs
between the oil recovery, IFT, N and IS, were then fxamined
in detail .- | ° .

T = £ ”~ . : :
. ., To explain the unexpectedly high tertiary ecoveries
\ .

observed Sn systems with divalent cdtions, two | distinct

mechanisms, namely "pore blockage" and !ganglia foymation"

—

wéte propoégd and discussed

£y
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CHAPTER I

" INTRODUCTION . N

Petroleum is the main energy source in Canada and 1n almost

all other countrles Over 704000 by—products. of a ' very wide

range, "’ are | produced fraom petroleum. . The - many
- . . LI
inter-relationships between petroleum and. our évervday life

Co e
have made us dependent. on oil to a very great extent
Unfortunately. at present rates of consumption, the proven
oil reserves aof thP world recoverable by todav technologies

will only prov1de a 30-40 year supply. The situation in Canadé

is even less hopeful because Cnnﬂdlan reserves will be depleted

by 1998 (Table 1)y, The geopo]1t1cal instability of the oil-rich

middle eastern countries makes the future economics and market

of o0il so uncertain that we must look for alternative sources

. . A ' a
and recovery technoloegies . In Canada, tar sands and heavy oils
are two such resources. However, economic -as .well as

“technological restraints have made the utilization of these

sources quite "limited. Enhanced oil recovery (EOR) clearly
offers ' one of the best chances for reducing Canada's dependency

on foreign oil. °

o
&
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Tablé™l.: Crude.0il ‘Reserves and Demand (]) )
- . . : i oo .
Proven Reserves ' " Million Barrels
Canada . ’ .
Light ' - 7020 )
Y : .. e - o
- Heavy . . : J105~
World® Bhy, 262
- 3 N ) '
Annual Demand T . )
: - . : : .
Canada ' _ ' 519 ’
. World -~ . . | 21,326 .
. . 7 .

.

Crude o0il reservoirs caontain o mixture of waler, oil and gns
. ’ - N

in the poreés of the reservoir vack, bounded both below and

N -

above by an impervious rock formation such as pranite or shoale

{Fig-1) . 8 . o . .

The interstilial (connate) water usuelly conlatns o mixture
of monovalent and divalent 1ions. The o0il is trapped in the
pores by natural ferces resulting from viscosily, capillary and

interfacial tension effects. For otl to be recovered these o

" forces have to be avercome .

-
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along which layers move,

it & a crack In the earth
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FIG,

FIG. ;. ' Oll, gas, and water tend to separate Into three layers. {49)




1+.1- Primary hecbvery ~

.

Conventional methods  of oil producﬁion relying on internal
reservoir pres%ure are designatéd Primary :Recovery. In the
ecarly stages- of oil recovery'from A new o0il field, much of the
pteésure ;equired to, .force the-oil to the surfacé‘js abtained

“from the cqnfinéﬁ fluids (caused by hydrostatic préssure of the

surrounding aquifer, and / or the pressure of gases dissolved-

in the @il) . 'However, continued production results in
decreased reservoir pressure to a poinl where -it becowmes
necessury  to  use. pumps to "lift" the 0il from the well to the

surface. The primary recovery sfage typically produées 10-30%

. A
of the original vil-in-place (QQIP) from conventional oil
L

resorv;§F$.(2)' ‘ : C

: 13
1.2- Secondury HRecovery

The decreasing force available to drive the oil into Lhe

well-bore, as well as tH?\fressure_of the gas in the emptied
o 7 . ¥ o
pore  space, adversely affect the oil.production. To overcome

the drop in internal pressur;. ef%grnal energy must be sﬁpplied
to the re%ervoif. A technique called "preésure mﬁiﬁtenance"
will accemplish this"- task. It consists of injection of large
volumes of water “or in some cases gas) throuéﬁfanoth?r well,
the so;c&lied injection well. Th; injected fluid will force the

oil - out ‘of the porous - . rock

B e



towards - }hé production. well. Tt will restore thé prqssdﬁélth“”

the .reservoir and help.to keep _the dissolved #oses in sotuttian

gt‘ the 'same time.(something dhich will result in maintuihihﬁfn
~low oil viscosity). To improve the performance of waler'

flooding, a "qumb%r of reégeﬁts such as acids, alkalis, salts
; - .

and polymers can be added (Fig. A4 .."1)I. These processes arie

%
collectively termed secondary recovery pracesses,

’

Fig.(6) shows s plane view of some of the puth-rn:«. in which,

. injection wells are rustnmurily‘driTTod around the production
wells., Secondary  product on techniques mny ' prodace anvwhere o
from 16 to” 30 % additiocnal rfcaovery of the 001, Tn other -7

wurds,¢340~75 percent of 00IP still remains o ihv veservolr

-

u

mffter completion of primary and secondary recovery processes.

1.3~ Tertiary Recovery

Water flooding works quide  well in displaciny Poil from

reservoirs and it is also relatively inexpensive. However,

since the ecarly 1970 s, Fhv number of prnkpurlivvl‘Nurth

r

American \fields in which water {looding could he applicd has .
been declining. The next step to maintoining oil production is
to recover a "“third croep" of 0il from those fields which ‘have

already under-gone primary and secondary recoveries |, Fo

accomplish this, there are a number of various techniques which

are collectively called Tertiary Recovery or Enhanced 01l

Recovery (EOR) methods.
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‘ 1" ) = '..J"'-.:'?.‘: _?-.’}Z.g ' j I .o"' ."'-."';."-;o‘
FiG. .(4n)—WGt§r-ﬂ00d technique. (49) ’
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‘ lGa.s |
. @il
.- :
e Tl e

Injection well

N
BEFORE WATER INJECTION

Production well

Injected water

Warter front

——g

- Trapped Gas;l % Gas

Front of oil ba\nk—-l
' ' ‘\ l

Loy oit

L

\

- l

Interstitial water

'DURING WATER INJECTION

Injection well Production welJ
Hesidual oil
Water
AFTER WATER INJECTION
Fig._‘ 5 - Waterflooding (48)
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'1:4~ Enhanced 0il Recovery (EOR) . . -

- - '

e - . -

Jha (2) has'definedeOR as "?11 the techniques ﬁsed‘to increase

the amount of o1l obtained after primarylrecovéry ". A broader

. definition which has “Been adopted by the Alberta Energy'

Resources Conservation Board, states that “EOR is any ail

production via artificial supplementation of natural reservoir

enérgy"(R). By these definilions, EOR methods include.

£

- - e
] ( -Pressure maintenadce_and waterflooding -

~Steam flooding .
. -C0 injection . ‘
2 * T

fMi;cibie fluid displacement’
—Alkalinesynjgptidn
¢-In situ cnmbﬁstion'

~-Steam stimulation

-Palymer injection

| \

Fig w(7) is a c]assifﬁcation of these_ahd'other related
recavery methods, However.; since this research project ‘is

concerned only. with. surfactants and the effeét of ionic

<1y

species, we will not discuss those methods which are irrelevant

to our study.
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,optimal mix éf all the contributing'ﬁaétoré. They could

gcohditions and above all, past production hiﬁyory'ﬁnd methndsl

R ) . » . - . . o
In: wmany cases,’ procedures that mway _increase the sweep

efficiency, can aétqalfy reduce ‘the displacemén} efficiency.

. \ , ‘ . .
One the major challenges 1in any EOR oproject is to find an

include

-

and depend upon physical and geological prdﬁertins of the

reservoir and the fluidg used, as.well as temperature pressure

-

From technical and economic points of view, the feasibility of
! .

an EOR- process depends upon three'importunl factors

. N i
a) The residual oil saturation after prigary recovery (§ .

. . . or
b) The displacement efficiency of the displacing fluid.

¢} The volumetric sweep efficiency.

. 1]

a) The Residual 0il Saturation

- . °
The amount of " oil left in the reservoir after primary

recovery 1is referred to as the residual oil and ils ratio with’

the - QOIP ' is called the residual oil saturation (8§ }.
' : + or

Depénding_ upon the wetting properties of the porous medium,

this ﬁil is in two forms. If the reservoir is an oil-wet one

(Fig.8~a), the residual - o0il is geherally in the form of thin
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. ayer spread over the reservoir rock. -.conversely, ‘in a
N ) . ‘ ' s . -

water—-wet 'reggrvoir, it appears as droplets of oil surrounded

. ) ] . .ms_
by Connate waterl(Fig. 8-b ,9-a}. ) ﬁ%&

This fundamental difference between oil-wet and water-wet

reservoirs leads to two different recovery patterns during a

‘water injection process YFig. 9-b)}. . T

o]
-

It 1is appropriate at this stage to define the wettabilitly
itself. The wettability 1is the ‘“relative affinity nnf- t he

coexisting o0il and water phases ta adhere to the surface of. Lhe

g+ . L * S, | . . o
rock. %%:%%:&iock'}s predominantly in contact with water, it is
said to be preferentially water-wet. If oil covers the rock

- predomindntly, it is referred to 'as oil-wet” (2). The ability

of 'a liquid to wet a solid surface is measured by the
r

so-called épreading coefficient.

1

Sz Y, = (V4v,) | (1)

Where

Yg Surface energy per unit area of the solid (ngatnsl air)
Y1 :-Surface energy per unit area of the liquid (against air)

sth Surface energy per unit area of the solid-tiquid Lntvrrunu

. a
.y -

SR m:zﬁ
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Water

B1

8/w Sol1id 8lo Y o4y " Selid Y g/w

011

(a) o : g/’ (b) f
"Q01l-wet ) " Water-wet

01 {62 . . 61 82

Fig.{8a) - Oil-wet and Water-wet Sands
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Liquid
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Fig. (8b) - Equilibrium Between Forces Acéiné
"on a Droﬂ.of Liquid on a Solid Surface
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§F 57 F=r-r 7y 75 75 57

Solid : N

Fig. (8c) - Adﬁancing and Recéding Contact
Angles '
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wet. (49)

0il wet

-

U water wet

water injection

Fig. (9a)-Wetling water clings fo the rocks, making thern water

*
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~(9b) -~ Production Hiséory Gurve'(49)
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If S is positive, a liquid should spread spénténeoﬁsly.over

the solid.

' the other hand, al equiliﬁ?fum we know that

PR LI

Y - Y _Y (9%,
w/o Cos g = T | o (2).

-

If g < 90 , the surface is water-wet

12
- -

21

» .
Lowering the oil walor

interfacial tension, will make. a wiater-wet surtface more wonter

wét.

cfficiency

b} The microsecopic displacement

.

w . .
3 . . , . oy
This quantity is the fraction of the initial oil saturation =
{8 ) that is displaced frum the Feservaoir pores, namely
ol : '
;- 1 B Sor ™ Suit -
E = ' (3 " .
m i
1‘ Swi
Where
.f.._'
i S - Irreductible water saturation (the fraction of
wi .
pore volume containing water at infinite capillary pressure),

. .

-1
- . . '.‘-I'-
The Capillary Pressure is defined as :
' 4
Po=Y(E - Ly W
- 1 2 - ;
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Where : . - . N . L
. o L ,
vy = Interfacial tension  *r
. -
and r., r = Principal radii of curvature of the oil-
1 . P LA R . .
water meniscus. -

* L)
«} Volumetric sweep efficiency

0 ! ~

.
< )
»
. N J

This quantity is defined as the product ‘of the ‘aerial and

vertical sweep efficiencies and is a function of the physical

properties of the porous medium {sgch us pvfmeabi]ity, pPOrosity

a

and mobility ratio” of the injected fluid to the displaced

v ’ -
fluid). "Mobility is + measure of the erase wilh which a fluid

flows through a porous medium, aﬁd,is defined by

| , S S 5) ... - a«
".'!-::‘ - u .

g

. _
Where  the., permeability of Lhe porous medium , K, is defined by

the well-known barcy Equation ; ,

) ) u = - %rdp/dx (6) “.i
. ) ’ ' u .
Where: °
s
u = Averafge velocity of the fluid
L P = Pressure drop along the porous medium

.x = Length of the porous medium

K = Permeability of the formation
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Méﬁility rétgo is defined as

- ’ - R
Mobility of the displacing phase
M = -
- = :.a-. &
Mobility of the displaced phase
—~—a :
+
2l *
3
. N
.
- ~
L1
. . ]
.g‘
. -
4
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Viscous and Capillary Forces in EOR - - L

| L o
L) . - "

As already mentioned, viscous forces expressed in terms of

ta

. W a

the mobility- of the displacing and displaced phases are very

At

important factors in EOR . To fully unders;and‘the.ro]e of the

viscous forces in oil recovery,’ one shouild first have-an

understanding of sweep and displacement efficiencies as well as
the _conceﬂ§ of contact factor. Bansal ¢5) has discussed these
‘properties “in detail. On the utherrhand, as Wagner and Leach

(6) “and Mungan (77 have reported, _ the interfacial tension

between the oil. and water phases has to be reduced to about
-2 ~3 . .
10 to 10 mN/m in order to obtain increased oil

recovéery. The IFL in a natural reservoir is much higher than.:
} - L o
. these '%alueS. As we will see later, surfacténts increase the

"0il recovery primarily by lowering the IFT values.
Il N " s

:Figﬁre (10) shows the role of u1fr5~low IFT in promoting the.
mobillgation of o0il ganélia in porous media. These displaced
atl gnnglial;must coalesce to form an oil bank (Fig. 11) and
then it has to propagatq_without increasiﬁg.the entrapment of

"

the oil cat the trailing edge df the oil bank as shown in Fig.

12, If this oi} bank is formed early innﬁhe recove;y process,
the subsequent " "snowball effect" ‘will ré;ult .in a good

, . -

recovery. On the other hand, late formation of the oil bank. ®

A

will cause a poor recovery (Fig. 13).
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FOR: THE MOVEMENT OF OIL
THROUGH NARROW NECK OF
PORES, A VERY LOW OIL/ WATER
%
INTERFACIAL TENSION IS
DESIRABLE = .O01 DYNES/CM _

Fig.1n - Schematic diagram of the role of 1

low interfactal tensfon in the
surfactant (9) flooding process. : '

&

SURFACTANT
" SLUG _

DISPLACED OIL GANGLIA MUST COALESCE TO FORM ' -
A CONTINUOUS OIL BANK: FOR sTHIS A VERY LOW

- INTERFACIAL VISCOSITY IS DESIRABLE

Fig.

11- Schematic diagram of the role of low int
flooding process.

erfacial viscosity in
- the surfactant (9) ;

. . *
SORFACTANT 4 4
SLUG "o
_‘_)
{7
o s

: : ¥
COALESCENCE OF OIL GANGLIA WITH OIL ® |

. BANK CAUSES FURTHER DISPLACEMENT OF Qi

Fig. *12- Schematic diag

ra(u ff the role of coalescence of o1l gangiia in
» the surfactant {9 flooding process.

N

25
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Fig

.13 - Schematic 'illustra"tion of the in

—
<, ./’.'-\‘ ", \\
v 1 /
O \\__,/’ \\--"/
EARLY .
OiL BANK L ' " OIL RECOVERY ‘
FORMATION ‘ | i
' ) /
H e ‘ '
” -
. ' S
O\\ ’IO | ’
LATE " POOR
OIL BANK OiL RECOVERY
FORMATION ‘ -
NO OIL BANK F‘ORMA_TIO!:I : | NO
- - & \ OIL RECOVERY

subsequent “snowball effect"

Jectfon of an o0i1 bank (a‘{!ﬂ t\he——,

in enhanced oi1 recovery.
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It _ﬁgs been known for some time that, the capillary forces
are the major contributors .in trapping'tﬁe residual oil in the"
porQus medium. The "doublet" model is a very -good way to

éxplain the mechanisms involved (10). o .

Melrose and Brandner (11) have showﬁ that the trapped oil

will mobilize only 1if the c;pillnry forces are the dominant

ones during the displacement prbéeSSu In other words, tao

mobilize the trapped pk}, q‘.diﬁcngiunluss ratio called "the

capillary number (N )" has to exceed a critical value. This'
. ‘ ca : . .

number represents the ratio of viscous to capillary lorces,

thus; ,
Py ' ‘
_ _ S ,
ca” y'¢ Cosgp ' .
] , p L]
" where u and V are- the viscosity and mean velocity of Lhe
) . ) L]

displacing fluid, Y is the interfaoial tension and ¢ and

are the porosity and contact angle respectiveby. In an attempt
tp. better understand the oil displacement process Taber (H)

ri:cently summarized the many empirical ~numbers proposed by

previous idvestigatofs. Figure (14}, which hag been reported by

o

Foster (12), depicts such a typicn] correlation between the

capillary number and the residual oil saturation
- :* "
»




y

-

yl

)

o . ')// 28
~
IO-"- v ¥ )
10 i
— Pt . - e

o’ - -
x | g
w
m
=
= I - ’
= .
-
o
£ -
- vy ~
o 3
g {0 . -

10 -

'o i I S - 1

. 0 0’20 30 40 50 60

RESIDUAL OiL, PERCE!!T PORE-V_OLUME

Fig. l4- Dependence of residual oil saturation on Capilla

(Foster, W.R., J. Pet. Tech.

. P. 206, Feb. 1973).

ry Tg?)er ’w . -

[



I,
*u

c o e,

- -

At the end of waterflooding, the cépillary‘number is typiceally
. -8 . . . '
about 10 . As ,indicated by Figure (1l4), for residual oil to-

be mobilized, this number has to-be.incréased to 1 -10 .
For a good récdvéry, N . has to be'greater_than 10_3. This .
can be achie&éﬁ, by-reduging the 1FT in the réservoir'fpom thg?
typical 20-30 mN/m range to 1o~3'—‘1o—§ uN/m C '

- A i - N
Ionic Sfrength ' . . - . -

-

Ioric strength represents the combined effect of valency and

ion conceﬁtratron,-and is defined by

. i - a9 .
. IS 2 ¢ 17292 ¢ Z (8)
T
Where, i
¢ = Molar concentration of the ith jonic Species -

- i .

i Z = Valency of the ith ionic species

i

v

Tﬁig _parameter has been known to affect the ﬂlnvlrulyt;v
properties and IFT behavior of the' connate water against crude
oil. Increasing the 1ionic strength inéreases the shielding of
the surfactént ions, thereby decreasing their Coulombic »

.

repulsion energy (8B). . "

<r
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Optimum Salinity

-
.

OiI/brine/sﬁ}factaﬁb systens often’.form "middle-phase"
micrgemulsions in an appropriate salinity range. The salinity

at which this middle phase contains an equal volume of oil‘énd

[ || .
brine is called the "optimum siliﬁity" (9).

- i
- 1
b

At oplimum salinity the interfacial tension is minimum and,

r.

hf ] .
therefore, the o0il recovery Wwould be expected.to be maximum
(Fig. 15). Divalent cations 7ave been known to affect the

optimum  salinity by ,increasing the 'oil—water IFT in the

presence of surfactants.

Surfactants Properties

. .

Surface active agents possess both polar and non-polar
rééions on the same molecule. The polar {(hydrophilic) region of"

the molecule ma}'carry a positive or . negative charge (catiénic

or anionic surfactants) or may be composed of polyoxvethelene
. ‘\ )

chains  (non-ionic surfactants). The petroleum sulfonates used

...
in this research are anjonic surfactants.

*

.
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- . Surfactant Adsorption- o
Reservoir clays have high adsorption capacities which result
fn  serious . surfactant ~retention. This loss of expensive
surfactants due to adsorption is considered te be one of - the
major economiqﬁalimitations of -surfactant'flnoding_processéb.
el . .
v .

Increasing the amount of éﬁéctroLyte‘will increase the surfact

ant adsorption. Trogus et al (38) found tha{ for agionic

surfactants {(such as the petroleuﬁ sul fonate I 420 us#d in this

-

F\\pesearch) adsorption increases with molecular weight, while for

non—iénics the opposite is {1fe case. . ) .

]
.

Q¢1l N
g

The Phe

*

enon of Fingering

-k

JIf the mobiltity of the displacing phase (usually water) g
greater théh ﬁha; of the displaced fluid (oil), in other wards

- . . . R
if - > 1, +the displacing fluid will by-pass portions ol the

p

v ~

'reservoir and will not contact all of the oil. 'This phenomenon
'is called "viscous fingering”, and is one of the biggest probl  *
ems encountered 1fi enhanced oil recovery. In generual, the lower -

. the mobility :ratiﬁg the better the swapﬁ efficiency, Mability
ratios of greater than five (M > 5 ) are not ideal in EOR.

[y

—

R W
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=y - (9)

Interface
T Hydrophilie End

e

- = Surface Pressure of the Adsorbed Film

K

2

"If Cos 8 décreases, 8 will increase and so will II ;

. +This woul?‘reéult.in a less water-wet medium.
Ut : .

o I ' Y

Fig. 15 - Surface .Pressure and Adsorption

:
(“_\“'-.;A . . .

Bl

Y10) -

-

Lipophilic End
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PROPER CHOICE OF SURFACTANT CAN cumee@ro@

" Fig. 16."T‘he role of wettabnlity and contact angle on ofl di'splaqemeni. (9)
. ’ ’ a -

L]

%

.. s} . High Surfoce Charge Density

X - Low Interfacial Tension

71 2. =Low Interfacial Viscosity

" =High Electrical Repulsion

~  Between Oil. Droplets & Sand

“ Low Surface Chorge Density

5L = High interfocial Tension

21 - High Interfocial Viscosity
S\~ Low Electrical Repulsion
"+ Batwean Oil Droplet |
"8 Sand

FI(I"— Schematic diagran of the role of surface charge in the ofl dis-
placement process. (9
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| Oil Recovery Eﬁficiency

.Apparent wscosuty (or AP) of
' emulseons in porous media

Coalescence or. phase- sepomnon tume
. of e’l'nulsnons

"Surfactont loss it{ Porous Media

v .
° Solubcl:zohon of Oil and Brme in.
- qu rmcroemulsuons

%

Interfacial tension”

Ymo

OPTIMAL SALINITY

pa

B

" SALINITY

18- A summary of various phenomena occurring at the‘optimal salini-

ty in relation to enhanced oil recovery by surfactant polymer™
f'loodlng (9) R .
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1.5~ The Potential of EOR .
1-. i ’
S oy a N . ' .
It has. been estimated that §5-10 percent of the 610 billion
. . 2 _
‘cubic meters 41l. m © B.29 barrels) of the QOLP in the world

is recoverable by EOR: gmaking it of impdetant as exploring tor
' - ' v : B

"new discoveries { Table 27, In Canada, EOH will add 636 % 10

3 )
m ar B64% to the _nntion'a Sremaining estublished ilﬂht and
he%v? crude  oil reserves ﬂf.-nnu biQ]innuthrv mutvrs.-oﬁly
. \
about 40% aof the light ?2and 'mvd(um :h¥llvs§ than 10% of Ihr
.. .. : . . 3
ﬁ?éYYAIOOiF s rernvervd_ by primarf‘ané.sucnndnry rvruvﬂ}ivé.

For the .r(fmiiillilhﬂs;”\TIl. ta, 90 pQ‘rt'vtll , FOB methods have to be

~

enploved {2

T, .

~*In 1YHO, about 10 ';:t:l';“t-:11 of the total oil prodeecd an Lhe
Hnited States; was recovered luging EOR methods :1%vludlnﬂ witl 1

floodingy. In 1984, EOH production in Canada was 74,100 bsd up
¢
5% from "the previous year,

{
H2,1% and steam 16.7% with 12,

Hvdrocarbon miscible contributled

a0 b/d b,

N * .. - b ’ . - .
Since EOK processes are high risk ventures, “the o level ol
activily will be related tojthe extent that business olimabe,
fosters such @ activity. Generous tax and rovalty gncenlives are
expected to sﬁur additional  EOR project activitv: that s af
the international oil prices do not remoan at the preseot 1w

¥
[

level for laong periods of time.

rn 3

Wy
Y
{]

a
e e
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-"l"ell'ble 2- Estimates of EOR production (2).(1979)
(cubic meter per day)
Methods ' . World United States Canada
Steam 64,400 47,000 . 1,500
An Situ Combustion” _ 8,700 - 1,900 1,100
Miscible e 11,900 " 1,200
Chemical . . o 400
Others 35,100 o
Total 108, 200 61,200 3,800
e t - '.*
- N » "
&
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e - . - 'CHAPTER I1 . o
. . . |° .
T e LITERATURE SURVEY .

Tpe-fjrSQ'deliberafe attempt to'produce oil from underground *

reservolirs by the injection. of aquecous fluids may have
h - L]

occurred in- Sweden before.1740. At that time, running wal or

was used 1o force crude oil out of rocks containing tar sands

(14). S - : - . ) .

4

In the -USA; carly, operators believed that inject ton of

"water Tinto nii reservairs would "drown" thﬁ.nit wells., Ingo
fact, . the, Taws of many States actually prohibited finjection of .
water into the productive .zones. However, hy thn‘middiq of 1 he
Bineteenth céntur&, . the hsi!uutinn' Héd - chanyed ;hnd;
water—flooding' was _poﬁsjderpd an excellent method  for

increasing oil production . In 1917, Squires t15) concluded -
that. adﬂition_:of an alkali into the water would improye the

- . v . . & . ! .
0oil displacement and he munaged o acquire Lhe First patenl to
. 1

L

use caustic solutions in oil recovery.

. . . 4 . . V .
By Lhe mid-1920's, engineers were already doing regearch on

- how to reduce the interfacial forces which are respongible for

. . L
holding the oil 'in the reservoir rock, in order to increase

the recovery. *




oMy

ﬂren and Fahmy (17) did important: work inveétigating the

effeéf of various "factors” which would influence the oil

recovery, -the results of whighléfq,still'valiﬁxtodgy,.soﬁe 60

*h-.ai‘

."years later. One of their major achievements was to suggest

-

that the interfacial . forces far exceed the viscous forces in

the porous medium and that the capillary forces are primarily

responsible for the holding of the oil iﬁ.the reservoir rock.

- -

The trapping of the residual oil by the capillary forces

- has been explained by, Beuner and Bartell’s pore doublét mode

-

(Fig., 19) for a water-wet Feébrvoir (i.e;, éontact angle <<90),h
fnlihis model pores afe represented by lwo paqal]ei capi]lari"

es. of . equal. length ?nitially satugateq with oil ..If the
imbibition rhfv is greater than the displacement velocity, as

in most flooding cases in the field, the injected fluid will

. travel faster tﬁrough the smaller capillﬂry.tAs soaon as the

displacing flutd reaches the.point of convergence of the two
. L

".pores, the recovery from the larger pore will cease any
. - . : e
consequently some o0il “will., remain trapped inside that pore

(18). | | , '

¢ B

Ll

In 1936, WyckoTf and Botset (16) did the first reliab{?

experiments on relative .permeability and observed that ‘a

.*specific minimum saturation is an essential condition for the

flow of o0il 1in the porous medium.'Meahwhile. researchers had

proved that the discontinuity of the oil phase was a major

"problem in oil recovery.

Il

§
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. The methpds " for a)tering;thé'surface forces and thereby

improving- oi)] - recovery may be <classified into three'often
interacting areﬁs._They'cdnsist of,éhénging_;

@

1) The wettability

3) The interface.(miscible flooding)

1 <

2.1~ Wettability'

. )

Taber - (8) has compared the wettability to the weather. For
o ' ¢

vyears everybody talked but until recently nobody did anything

about it. In i1860, Jamin (19) noted that a series of gas
bubbles in a smooth capillary ftubg'Jcould create large
.resisxnnces to flow. This effect 1is dependent wupon the
advancingi and receding cohtact‘ angles (heasured through the
fiqueous phasg). In other words, preﬂe}entialu wetti;g is
essential to the exiétence of capiligry forces. - .

Since the majority of the Aporous media are extremely
complex' systems, it has been very difficult to study the

direct effects of Wettqbility on oil recovery. "It is almost

impossible to measure the contact angie in a porous medium

L J
/)

made up of various minerals and with particles of different

shapes and sizes. Considering the hiéh energrisurfaces of the

reservoir rock, this task becomes even more difficuilt.

40

'2) The oil-water interfacial tension

)
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~ In 1938, Bartell et al noted that for many crudg_oilé the

receding contact angles d%fe‘ always less than SQ‘dagfeés

{indicating a water-wet system), and the advancing contact - -

angles were considerably greater than ;90 degrées {oil- wet

‘

systems). Clearly, in such -cases, neither ‘the oil ndr ihe

E 4

-water can advance into a pore by capillary Tforces alone

¢

{non-imbibition). They therefore concluded that fﬂf any

spontaneous’ displacement of oil by water, both the advancing
T .

and;receding contact angles must be less than 90 degrees.

. -
syt . -

. ) : . )
' .
Morrow (20) found that for  systems which imbibe, the

highest recovery should be obtained with strongly water wet’

systems. Earlier, 1in 1956, Moore and  Stobaod {3 find
a

exberimentallyf proved. that the «capillary forces in strongly

. [ )
water-wet systems were responsible for trappiog of foil in
larger pore ’'spaces and almost none of this residual oil could

, .
be produced after water breakthrough atl .any reasonable

flooding rate (permanenfly trapped residual oil).

e - | N
Y Various ,researchers have tried to imptové nil recovery by
changing the wettability properties of the rescrvoir . As

meéntioned earlier, Sduires flﬁ) nbtained a ﬁalunt invdlving

addition of .élkaline. materials. Then, in 1928, Nutting (48)

¥

suggested the addition of “"'sodium carbonate and silicates Lo

the flooding fluid. In 1956, Reisberg and Doscher (22) added

sodium hydroxide to the. water and observed increased



Fl

.drastic . change ‘in the pH of the water could. turn an oil-wet

;recovery}‘ Later in 1959, Hégner and'ieach'(23) proveg-that a

'S
~

rock into a water-wet one and therefore increase the recovery.

N L]

One of the most successful field experiments was carried

'out in 1974 by Graue and Johnson (249 and is called "the emul-

sification and entrabﬁent" method. [t involved the emﬁlsifiéaL

.
tion of much of the oiI"(rather'than_a wettability,change) and

thereby parLial blocking of the flow of water in_somé‘areas.
cnnsequeﬁtly leading to an increase in the overall sweep
efficiency;

' . * ..

. -3
.

2.2~ Surfactant and IFT

-
- -

-

v
t

One of the biggest setbacks 6f flooding Using surfﬂctantﬁ

has been their loss by adsorpif%n onto the large surfacé area
: - - :

of the rock. From the economics pdint of view=this can prove.
. s )

disastrous, while’ technically it-preﬁentﬁ the advance of the

surfactamt with the fluid through the rock formation. Taber

: _ .
(25) noted in lab tésts that increasing the surfactant

concentratign to about %ox, largely eliminated this problem,
although this subsequently pragved- to be inconsistent with
actual _ field recovery results. While pqﬁ?orming these

experiments he found- that the most sensifive variable in

surfactant flooding was the displacement velocity.

¢
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He %oncluded that the above inconsistency would no longer

. . . L4 . ) "ﬁ-‘-“' e b,
exist 1if all experiments were carried out at equlva]enffmulues
of the ratio of viscous to interfacial forces, i.e. at édunl

values of the capillary ﬁﬁmber,'N
o ca
v Ed - .‘-1

i

Several ‘people have deseribed mechanisms .respensibtle for
. ‘ SRS Ul
. ) > . il .

surfactant retention including adsorption, precipitation,

-

phrlitioning into  residual oil phase and  entrapment of
immiscible microemulsion phase. Glover et al (42) discovered
that if retention |is 'exnessiver IFT will eventually become

high e.enough to efitrap residual ofl in the reminder of the
. -,
reservoir.
. :
a /"’ 3.

In 1826, Harkins and Zollman (28) reported that the

v

addition of electrolytes to the surfactant -system reduced the
. ' NS . _. .
ail-water interfacial tenston. Later, -Reed and Huﬁiy (47)

developed the concept of optimal salinity. In 1979, Hwan and

- . ~
Miller (29) proved the existence of water in o1l micra

emulsions at high salinities and cil-in-water milroemulsions

at lower : salinities. Glover el al {12) reported thal divalent

iong .wou1d- form sulfonate species. which could strongly
_influenc;m the miéruemulsinn phase behavior., They  brave

-
B suggested a wuseful method of predicting phase behavior in
systems containing divaient ions. This meiﬁod combines
d/ bquiliﬁrium exp}essions ~that describe sulfonatevcutidhf

association with a relationship defining the contribution of

each surfactant- component to gptimal salinity. ®

. .
A

e

&

-
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In the past fwenty years, much work has been done in. the -~
area -+ of oil recovery by microemulsions (micellar flyids) . To -

prevent possible fingering of the displacing phase‘into.thg
displaced phase, it is _neceqﬁary to have good mobility
control.” This can be achieved by increasing the viscosity of

LY
the displacing microemulsion. Usually-a water soluble polymer

is added to the drive water (mobility buffer). To prevent thé
adverse effect of-.polymer-surfactané ‘interactions (phase

separation, surfactant entrapment), a cosurfactant such as an

alcohol is added to the solutfbn.

In 197%3 Cayias”(26) showed that when measuring the IFT of

pure “hydrocarbons against a-surfactanf.solution, the minimum

IFT was obtained against only one of the Hydrocarbons in any

given homologeus series. This.minimuﬁ IFT is very specific and

is general for all kiqu of hydrocarbans. Subsequentlf“Cash'eﬁ‘

al  (27) assigned an "équivalent alkane carbon number” (EACN)

.t4 pure hydrocarbons, and to mixtures such as\crude\oil, FoY¥

-

most crude, oils the EACN is between 6.2 and 8.6. This
knowledge permits researchers to work ﬁith pure hydrocarbons
instead of with crude oil, yet still be gonfidént‘that their

results will not  significantly differ from those for crude

oil. .Later . they ‘developed othe,-concept of dn n value

) . ‘min .
(i.e., the specific EACN which produces the lowest IFT for a

given surfactant) .-+ _This paramefef proves te



N : : . »

be very useful when studyipg the effects'of‘sﬁéB“Qarigbles as

electrolyte concentraﬁion, ,tempgfafure, system  agé -apd
. i . , . : o
~surfactant. concentration f(e.g.” . n // decreases- with
- - mim T .
temperature and increéases with electrolyte concentration.
—_— e
2.3~ Changing the Interface (Miscible Flooding)
) . ¢
L No matter how good the displacément conditions, Vherd will

always be some trapping ‘of .0il ih the smallér'uapillarivs; Tn -

theory, only part .of this residual oil is recovecable hy

waterflooding # alone. Howevet, if the fleooding f(luid s
) . . : .

miscible with the oil, there 15 the i.inssih.i']ily of producing

much larger .amounfsv'uf”.thé entrapped oil. Since there i no
clear’ interface in the case of miscible fleoding, capillary
forces will no longer be effective, and _the dypamic sind

" viscous .forcé&‘ are -‘then able to push the rnsiﬂqnliniﬁ«nu of

the rock formﬂtibn.i‘ o : S L )

.
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. 2.4~ Past Research On Divalent Ions

surfactant micelles using electrostatic and equilibrium

46,

. LA -
T T :

oo~

-

<. £ G .

. L7 > .
Most previous researchers have studied the IFT and recovery
R ' . : + ' -

e
~

.behavior of surfactants in the presence of Na and Cl

ions only. However, actual reserveir connate waters often

t -
contain other monovalent ions as well as some divalent ions
. Tt ‘ ++ ,
such as Ca and Mg . .
~

.

In 1974, Jennings (31) and Cooke (32) repaorted that the
. ++ _ ++ -
presence af Ca and Mg - ions drastically increases the
oil-water interfacial tension. To obtain a fundamental
understanding of KOR mechanisms, the effects of connate water
compasition must be takepn into consideration. With t?is in
- - - . r . - - . " . .

mind, JDranchuk et al (36) used oryginul'field connate water in

their displaceﬁent‘%ests. Bansal and Shah (30) discovered tﬁat

there is an increase in IFT and sovlubilization upon increasing

]

M . i
-

‘the, CaCl {or MéCl ) concentration in the connate water.

They also noted thal the optima]. salinity decreases upon

LS
a”

.. . Al » .| ] I )
idcreasing the. concentration of .divalent «cations. This
. . - +4 (.

increase was more. : drastic in the case of Ca than with
44 ) oo . i
Mg lons. In a-."related. study, Hirasaki and Lawson (37)

studied the association of sodium and calcium ions with

&

models.
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._ Hirasaki (41) found -that the effect‘of divalent inns.nﬁ

optimal salinity could be expressed as a linear fuhction of
. A )

the divalent ion fraction of.the-%atn] calions associnled_wfth
a

the surfactant. Bansal and Sh {30) reported a.decrease of.
the obtimal salinily_‘upon introduction uand increase of Lhe

_amount of CaCl in. the surfactaut formulation. In other

bt
e

words, those surfactant furmulations were capable of producing

very low TFT at optimal salinity valﬁe inthe presence.of high .

. unncentration of divalent rons. In addition cualeium 1ONS:

seemed more effective tn lowering optimal salinity as compared
! ‘ - - at

to magnesium ions.

! Celik et al 110) reported compléx behavior of multivalent

ions invulﬁihg precipitation folloawed by rwlissotution of the
. .:;f. . : R ¢ ) ot
precipitates . .at higher surtactant concentrations., They belicve

el
*;: : . . -
o _ precipitated - sulfonate | is a  detrimental  factor in the

that the _fofhatinn of ‘migelles capable of solubilizing the

‘%ﬁF. Péhissn}utiﬁﬁ_:hrbcéss. They have suggeﬁted éddiliun of Natl to
the ,divnleﬁi,-iuns solution as” o sulinitly control to ;rHUFP uf
prevent the precipitétinn f&rmation caused ‘hy_ multivalent
ioné. They sﬂnwed. thﬁi redissolution  is pnini& ;rnpsnd ﬂy
micelles. ThiéJ involves uplake Rf calcium xhy . the p};ullu
followed by ‘.rt_edi._ssolut.iqn of the precipitate to replenish H?v'

system with .ca&vium'ions and the formation of additionnl

micelles by the released sulfonate, : . ' . .

4

-
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In another paper,;BansaI and Shah (43) have suggeSEed that
pétroleumj sulfonate solutions have very poor salt poléranee

- TN b . : .
(i.e. precipitation *~occurs at very low salt concentrations).

However, upon  further increase -in . salt concentration, the

s . S .3 §
precipjitale~ redissolves in the sdlution” and a stable
/. - . 4 .
“E%[efrigenk phase forms. A further = increase in salt

rTAL

-

T

concentration will destroy this birefrigent phase and will
result in phasé separation. Addition of Ethoxviated sulfonatg

{EOR-200) into petroleum sulfonate will remarkably increase

the  salt tolerance  of petroteunm -sulfbnate solutions (a

-

synergistic effect of blending). Several other workers have“

proposed mechanisms of redissolution of precipitate. They can

-

be generalized as : premicellar complexation, redispersion of

0

the coagulated precipitates and micellar solubilization,

Kumar et al (33) cérried '6gt experiments with dilute

surfactant formulations. They. found that for solutions
containing calcium chloride and magnesium chloride, an
incrense in ‘the sodium chloride concentration does not

significantly affect the IFT behavior, while an increase in

the amount = of calcium . chloride or magnesium chloride

considerably increases the IFT.

Pivalent ions have been known to <c¢ause a pumber of

complications during the various EOR. processes. For example,

5 ,‘ -

/\‘
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they -could depleté‘ an alkali‘rslﬁg by the formation: of

insoluble hydroxides (during caustic flodding processes)~ This

could be avoided by introducing a fresh water or sodium
. . .
chloride buffer before ipjection, of the alkali. Similarly,
\ [ ) )
during flooding with surfactants, the surfactant and divalent’

ions often form a precipitate which may or may not hinder the

0oil recovery process.

-

§ . .
2.5- Objectives of the Present Work

*,
’

The present "~ study is concerned with the etfects which

divalent ions have on _.the. behavior of such 1mportant

.

parametoers “as the aoil-water interfacial teasion, Lhe toanic

strength, the capillary number and, finally, the ail recovery

itself., The principal objecltive has  bheen Lo elucudate the

'relationships between the ‘existence of divalent -ions  1n

connate * waler on the one hand, and all ot the ghove factors oo

the other. Serious efforts have been made towards proposing

fundamenlal mechanisms to explyin.  Vhe experiment al
t

observations, However, it should be noted that 1the purpose of

this research praoject has naot’in any way beén to maximize or

optimize the recovery process itself.

‘;

oAl &

[
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CHAPTER 111 [~ ° .

- & s N
&

FORMULATION AND CHARACTERISTICS OF CRUDE OTL, SAND, SURFACTANT

-
- : . AND CONNATE WATER
. , — .
‘
3.1-Crude 0il -~ | R .

The crude oil spleoiéd‘fur this s?gdy wiis 1 [Euhl'vﬁudv fFrom’
Chafham. Ontario. This crude wus preferrved- over some ulhvr~uif5‘
such as'hluvdminﬁter aor Cold Lake heavy oils mainly because, nQ
Chiwetelu (Rd)ihas desvrihed.'the use of these~orls would hrini
about shVurn! difficultics resu1linﬂ.in poar recovery. On ot he
nlher hand, the Chathﬂm ail lnuliaLregag.govn analyzed ﬁpun our
departmentts  requesl hy. Pvlrndvum and Gas Luhn}ulnrlvﬁ uf
Canada Cénteﬁ-fqr Minﬂrar_and-ﬁnergy“Tuchnnluuy (Table 1. . ]
3.2-Porous Medium. | % —~

_Tlluf porvus medium was made of glass beads (Flex O LIve BT 13,
manufaétured by‘Hitcbey éupply Limited (Table 4. . '
The sand was C first steved lh1Wnuuﬁ sioves Noo 100 and 230, Hy - ’
re;uqing the size'distributi;n rangv.wu hoped to produce a more
hoﬁogeﬁqcus medium and  thereby improve. the reprnduvlhilit; afl

‘the resuLts.‘ Under a high power microscope all the particles
were abSurvéd to have sphericul shapes.
' '
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* -
E?able 3-Properties of-Chatham CrudemOiL
: o 3 :
Density at 25.C (g/cm ). . ‘ 0.824
APT Gravity at 60°F | ©39.4
Viscosily at 2508 {cp) .n." _ ‘ .5.552
oH . | | ' 5.8
"Calor R ' . - Greenish Black
Carbon, % by weight ’ - 85.70 -
H;drngvn, % by weight - _ - 13.39
Nitrogen, % by weight | 0.10
Sulfq;, % by ;ebght N - 0.18
Ash,” % by weight - 0.007
'Wﬁtér, %.hy weight . . = ’Nil

. Table 4-Characteristics of the Porous Medium

R

. o _
Permeability K, (,‘ m) _ 1-2
© .Porasity ¢ - 0.31-0.36"
Read Dénsity d, (g/cm ) . 2.50
Particle Diameter D , 'Sr\m) . 63-149
‘ p _
. ‘ . o | . £
: -\

..-‘.
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3.3¥Tﬁe‘8urfactant_-

-

The surfactant uged in this research project was a.peiruleum

sulfonate commerciall& known as Petrostep-120 manufactured and

marketed. by Stepan

Chemical

Company of Northfield, lilinois.

The properties of this surfactant are summarized in Table 5.

-

o
2]

Water,

Inorganic¢ Salts,

| . %
Table 5-Specifications of Petrostep-120 a /
5 - .
\\ 4 . .
Approximate Equivalent Weight 120
Active Sulfonale pnnteqt. % by hviuhl 9.1
, A ,
T R C . .
Free Oili?%‘by weight 17.4 .
by weight 19.5
% by weight = .. 4.1

earlier mentioned

in order to aobtaip minuitmum [FT

As  was (9,

the expériments have fto - be carried out at around the optimal
) ll_;t!".l . . B .

salinity. Far a system -of 0.2% P 420 and sodium chlaride this

happens at a  concentration

make the surfactant solution

L

first an aqueous solution

prepared.” Then the K desired

of - 1.5 % by weight ¢Fig. 20). To

-

compatible with the connale water,

o
-

of 1.5 {wt) sodium chlnfide WhHE

amount of surfactan! was added to

it. The solution was stirred until all of the P-420 was

completely dissolved (a period of 24 héurs). This procedure

-
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- Flg.20- Effect of sodium chloride concen-
'~ tration on intertacial tension. {5)
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would eliminate all the possible problems such as the

. %
precipitate formation due to High concentration of salt
V- )

in some

regions of the solution: As we will-seé later it was found that

the surfactant solutions would lose their IFT reduction eftect
. . y a .
after some time. Thérefore, in order to have réproducible

. N +
results, it was decided to use fresh surfactant

Ll

sotut1ons.
. .

3.4-Connate Water

High purity sodium, magnesium and caldium chiorides provided .
o .

by Fisher Scientific Company were used in this project. The

solutions were all prepared in the same ddent teat manner usiog -

- . W

distilled water. : . : . ‘ -
Hexadecvl  Trimethy!l  Ammonium  Bromide  CHDTH) was used asoan

emulsion breaking agent (oo,

]
*

b




.- : CHAPTER"IV

- -

IFT, pH AND VISCOSITY MEASUREMENTS et

4,1-TFT Measurements

-
.

IFT measurements werd carnied out using a University of
. . *a , '

Texas -spinning drop tensiometer. A detailed descripffép_of this

" method has been given By Cayias . et al (39). A sianduré

capillary ‘Ltube is filled up witb the cotinate water and then a
.small droplet of crude oil is intfo&ﬁ%éd. The'cell is placed in

la ‘slot an a -shaft ofﬁa rotor‘assembly. It is Spun for 1-6 hours .
' [ : . :

_‘ : ———— . . . ) .
(snmeylmes longer) at speeds ranging. from 1200-24000 rpm.
-Keeping the temperature constant at 25°C, the droplet width is
measured -at constant intervals until an equilibrium is reached.

To calculate the IFT the following formuls is used :

- . ' : ~ y'=o0.522 A p dd / T?-) (11)
' Where o | |
; S ' :§ = Interfaci?l tension mN/m ‘ . )
) ’ Ap = Dengity difference betweeﬁ the oi1 ;nd‘wafer

L

.a = The diameteq_of the droplet

"“The inverse of the anéular;vgiggity

. s
15

&

Gravity measurements .were made using a 25 ml specific

. gravity bottle at ropmjﬂémperature.of'24 + 1 T.

",



_ measurdment. During .the experiment Lhe. room temperature of 24

4.2-pH MegRurements o : '

‘—"

® !

These measurements-we%e conducted using a Beckmﬁn Zeromatic’
' §5-3 pH-meter and Fisher ‘standard 'combihation electrode. To

adjust thée instrument, pH buffer solutith'df 4 and 7 (also

provided . by Fisher Sci. Co.). were used -prior to each

-~

I+

-

1% prevailed.

-

4.3-Viscosity Measuremenls

The viscosity was measured using a Brookfield viscometor

with a I.L. adapter (provided' by BHrookfield Engineering

‘Laboratories). This viscometer operales by measuring the torque

-~

necessary to overcome the viscous resistance to the induced

movement. The accuracy of this viscometer is about 1 2% of the

full scale range employed. 'Sixteen ml ‘of tLhe solution was
placed in the stainless slteel tube of the U.L. adapter and Lhen
the precision cylindrical spindle was introduced into the

cylinder. This assembny was then ﬁttnrhqd-tu the viscameter.,

The measurements were taken after equilibrium was fpnchcd.f
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. " CHAPTER V°

. EXPERIMENTAL PHOCEDUHE§
e |

i

.

5;1—Apparatusk

-
v

"Figure (21) provides details of fhe‘ otl " displacement

-

.+ apparatus. The system specifications are as follows

The Core Holder : : - ‘
. Length (LY | " 43.2 em
‘ ‘ . : . 5
.. ... . - Cross sectional area (A) 12.1 cm «
Inside diameter (T.0.) 7 3.8-3.9 cm
. 3
Volume (V) 523" cm
Inside Diameter of the Pipe - ‘0.683 om
Nominal Diameter -~ ' : 1/8 inch
The Pumps ’
1) Crude il pump details are given by Bansal (5): - -

"2) Connate water-surfactant pump was a Beckmanrmodél 110-4 pump

" capable of pumping 0.1 to 10 ml per minute in 0.1 ml per minute

increments. o : R -

-

Flanges ] : .
- : ' ' e

The details of the flanges afe'giyen in Fig.(22).”

'

3
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LEGEND:

B :‘REVERSED'BURETTE FILLED WITH‘WATER;
C : CORE HOLDER (CELL)
G :}ﬁpsanAM-PREssﬁRE GAUGE
. M : DIFFERENTIAL PRESSURE MANOMETER
e C
. v .
P1 : 6IL-;NJECTION PUMP : v
- P2 :'BRINE—SURF;CTANT-INJECTION.Puhe o
R1 : CRUDE OIL RESERVOIR |
R2 :'SURéACTANT.RE&ERVOIR
'R3i: BRINE RESEﬁVbIR\

Fig. 21 - 011 pigplacement Apparatus



5.2~Cell Packing and Prgpérgtion

. - : 7. -y N - .- ‘ ’ -
The "Wet Packing” methed was used to prepare the core

P holderlh.The cell. was first filiéd.with the appropriate amount

o : of & gconnépe water and assembled onto a vibrator. The glass

P

beads were then weighed and poured into the cell through a .
- funnel with ‘an adjustable valve (Fig. 23).,This would pérﬁit a

uniform rate of sand discharge into the core holder and would
. . .

S s iprevent the formation of air bubbles.- After the core -

-

holder was racked with sand, it was left.on the vibrator for

.

several hours until il was certain that the porosity could not

@

be _fuﬁther reduced. The second flange was then attached to the

cell.j As c¢an be seen in Fiﬁ. {22), The_fibergiass in the hollow

paft and also the frit wapld'ensure a uniform injeetion of oil

or the surfactant from the total cross-sectional area of Lhe

flanges and at the same time would reduce the dead volume to

about 2 ml in each flange. - | ‘ - v

-

A L After the  sand pécking _proceéé was cowpleted, the core

holder™ ‘was assembled on the- disﬁlaceheni appardfhs and

) .. . £
: permegbility ,measurements were initiated. To ’‘calculate the

permeability of the porous ﬁgdium, the bressuré drob alohg the

cqre- was - measured for differenht flow rateé.of'the'same connate

water ofiginally in the cell. Then, accordiné!@o'narcy’é law, a

. . graph .of (O(A) vs. (AP/L) was plottéa (Fig.24). A compufer was
Wl ’ wd ‘ N } ' . S
‘ghhen "used -to obtain the best fitting line through those

\ . I
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points (linear. reéressiuﬁ).and calculate the slope of the line
s ‘ - . .

which  would  give the mobility.(M). Having the viscosiry of the
fluid, the permeability of the porous medium (K), could be

easily calculated.

5.3-Flooding Stréteﬁjés

The displacement experiments were conducted using two

" strategies.

¥ - . . . -

Strategy 1 ) ‘ -

—_—
- : .
1) Secondary Hecovery @ The porous mcdiﬁm wing flooded with & N
pore volumes of a brfne ha§ing the same nompnsiliqnfus iLe
Cunnﬁié' watcer nr{ginally in the cell until nw MU;v aill could he
recovered. Since the oil is recovered by dynamic and viscous -
forces, this part of the .displacvmunt is o purely physical
process at the énd ‘of which a large part of the ail has heen
recovered and Lhe pore space is filled primnrily (60 70%) ﬁ}th

brine and of course™ scme stil! wunrecovered oil. The cell

preparation and éecondury recavery usquly'tnok about 10 heurs.

2)  Tertiary Recovery : The 'following day, 3-4 pore volumes of

+

4
the surfactant solution were injected into the porous medium

until the- irreducible  o0il saturation (85 ), was reached. In
‘ : . ~oir '
this process the o0il -is- recovared both by chemical forces



.

caused by .interactions of surfactant, connate water and oil,™as

well as by viscous and dynamic® forces produced by the flow.

Strategy 11 L

This strategy did .nnl-involve brine Lconnéte wa%ér)'flooding.

——

The core was immediately flooded with 5-6 pore volumes of the

surfactant solution. This couldsbe considered bath a physical

as well as a chemical proceés. Strateéy I! took about 10 hours

to complele.
- [

A major difference between, . the twd strategies is that in the

beginning of | Strategy I1, the - surfactant _ §0Luti6n comes in

conlact with a porous medium containing only about 10% connate

water and 90% oil, while ‘during Stratég? I the brine forms

about 60--70% of the poreLleume.-"
‘ .

5.4-Flooding Procedure ahQ‘Hécovery Andlyéis

- - Y

N

An nppruﬁriate amount of glass beads 4;5 weighed. Having the
I

solid bead Adénsityt its volume was ' then calculated. As
mentioned eérlieft. th? cell was then packed with the glass
beads using the wet-packing méthoﬂ. Furthermore, tﬁe porosity
ahd_ pore, voiume of the medium were cgalculated, The.pipes we;e

rinsed and cleaned with a‘fluéh'of connate water using pump P2

-

(Fig.21). The core tiolder. was then assembled onto the

*



*

" apparatus. Attention was paid so that no air bubbles could get

into the system. The'valvés i, 8, 9, 10, li'and 12 were closed

"

and pump P2. turned on. Using manometer M and flow rates of 2

4, 6 and B8 ml per minute the pressure drop through the porous

medium was measured - at Heqﬁiiibrigmf This enﬁhled us  to
calculéte the: mobility T&L{ho'fluid used‘uhd lﬁg ﬁnrmv;hilily
of the porous mediqm. Pump PZ‘Qas ;hen shut off and vnlveg 1, 2
and- 13 .we;e‘ blnsed; Burette 8 was filtled wilh‘wnl;r'und o1y

(wt) solution of the emulsion bréaking agent HDTR and it was

“then reyersed on Lhe nullot‘pipg as " shown in F%ﬁ.(:d\._anu" [ A
was opened .ahd_ pump Pl turped on nl'25$ strnk;-lvnuth 7.24
ml/min). jAn appropriate amount of oil was injected into the:
- hd . .
 porous medium and extra, amounts.uleaying the outlel  were
recovered in burette B and measured. Assuming the oil 1o he ane
Ancompressihle fluid {feasonable for our purpuses), the initial
oil saturation could be easily uﬂjuufqtud. h§ "+ simp]v.ﬁnsu
b,alan‘ce. The -buret-te was then cleaped and fill ;*tl with some
Frash  water and solution (nf‘_llu11i.. ﬁf- were  now ready lor
secondary or pseqd0*secbhdary .(Stratpgy li, using surfactants
without priof‘water flooding) requvériusﬂ
» . - ' . . ' .
The 'valves 1,.2,{3 or 14, 8..9, lO‘and.lz wgré kéept closed

and all others’ open. Depending on the.$tnategy'vmpluyud, the

.

brine (connate water) or surfactant were injected at a constant.
rate of - 4. ml per minute. The oil recovered. in the burctte was

measured at . 500 .second intervals until no more

fat I
s
] .



¥

could be recovered.

—

-

In the case of stra{egf I, valve 13 was then closed and
valve 3 opened; The surfactant solution was injected into the
v . » b 0
porous medium and the corréesponding recovered oil was measured .

in burette B. '
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CHAPTER VI

INTERFACTAL TENSTION AND CONTAC'T ANGLE MEASUREMENTS

1 L

6.1-1FT STUDY . R
- . " . ,. / .

S

The interfacial tensions between . the oil phase and various

AR

*

‘connate water formulations wused in this study were measured

both with and without surfactants present. The method has

already been described in Section q.1.

~ . N .
" . V. . o F
Fhe results uppear in Figures 25-26. *In the case where there is

‘no  surfactant present (Fig.25), the interfacial tension béiween

the oil. and the connute water coﬁtaining NaCl was the highest

{up lo a éonceptratfnn of 5.5% NaCl). The next highest was the

[#T between the oil. -and the connate waler containing

CacCl .The IFT between the thl and solutions "of MgCl had

..

* the lowest values, at lecast over a wide range.

3 . : . 2

B Y
L]

The connate water formulations used .in the present study were

, .. l1.5% NacC) by yefTﬁii :
. 4.82 CaCl - weigh ’ ‘
. n . .
) I.SX‘Jwifr:Jf’by weight .\
2 .
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Fig.25- INTERFACIAL TENSION vs. [ON CONCENTRATION (NT)
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For these formulations, the -solutions’ having the decreasing

values of IFT are injtﬁe order of NacCl, CaC]

e

and MgCl .
: 2’

Next, interfacial ‘tensions were measured in the presence of’

a 0.2%  (wt) _soiution of the surfactantAPef}osteb-QZU and 1.5%

NaCl. The _results appear in-Fik.(ZSJ. Obviously the-qrder of

magnitude has changed. In other words, the IFTs between the oil

and ' connate waters ‘containing Cacl have the highest values

b

fellowed by the water ;ont?jning' MgCl , and lastly that of
. ) N . 2 a ) '
the connate water containing NaCl. Comparison of the two graphs

indicates an approximate ten-fold f:and in some cases more Yo

reduction of \IFT values upon the addition of surfactant.

- ] -

Solutian ' : TFT {mN/m)
i | With Su;facfanf ﬁithout surfactant
* 1.6% NaCl | .. 0.086 5. 1%
|.6% NaC1,4.8% CaCl ,1.6% MgCl ' 0.385 a.22
. ‘ " . ) ‘

-, B -

-

L. ’ ' L ' e g\/‘ ' . .
It is iwportant to. note that “even thouph there is'a
qrffcrence 'betweenA‘the: values - of the IFT between the oil and

thé “connate watlers cqﬁtaining different idns, this difference

. for the ‘'concentrations’ used in our study is never more than a

factor of five. Another important consideration is that IFT can

vary' greatly with time. ﬁThetefore. these measurements were

“ taken at an équilibrium state, which in some cases took about
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a day ‘“to affﬁin.uﬂowever, in our displajcement tésts,as we will

see in Chapter 9, our experiments Had t

1- .

o'be done in ‘exactly .the

same fashion.

The differences between the nature of;ihe EFT measurement

-

method wusing the. spinning. drop tensiometer {Section 4’1 énd _

: . ' \
that in the real situation where the 0il and connate wafer are
tn contact at very complg%/nonditions_( gnd not necessarily at
vqustibrium  :,  prevent us from drawing meaningful conclusions

with hTeh degrees °of certainty. As will be seen later, the

resulls  of IFT measurements mateh and support the oil recaovery

-findings, hut becaise. of the above reasons we have béen very -

cautl tous in relating thusv'rusulfs directiy and kolely ta the

o : R N _ {

“I'FT measurements.

The  studv of the [Fk between the o1l and binarv connate water
solutions goptaining NaCl, MpCl and CaCl in the absence
3 : 9

of the surfactants has'pruduced the results of Table (6:.

- - 4

Table (6Y- IFTs of binary solutions

SnlgtiunJ‘. ‘ .  TUFT {(mN/m)
3.5% NaCl. + 3.5% Mygcl. S ' 1.17
‘ .3.5% NaCl + 3.5% CcacCl 2.35
. . 2 R . e al
3.5% MgCl + 3.5% cacl . 1.93
: 2 {Q 2.' h . .
—_— n



. L TN
And a ‘ternarv 7% solﬁtion containing 2.33% of each salt
) . " -
'2.33% (NaCl, CaCl , MgCl | - < . 1.68 .
- ] o ‘ N .
. ~ . - . .

1 1

Obviously thg IFT values are veﬁg.g1nse. but 1t is felt that 11

.~
hd . ., . - .‘%‘
. L W " ’
the absence of surfactanls. " MgCl contvibules to the lawering
A . . . Lh) ) . *
of LFT. Next we chose an ionic, strendih ol 0.75 far ecoch-ot the
chloride solutions - and caleulatwed Cthe coartresponding
rd . ., ' b Y
voncentralions. The solutions were pﬁupurvd amed TFTS st
o . . - -
. the 01l were measured. The results are shown n Taoble ., 3
- . : . .
| T 5
Table TYy-tFTs tor the "solutians. of  equanl tonie stireapth
. » . - N ~ \\
{-0.75. S -
P ’ oo
Solution - T L ET tmN o om
N * - . - ) ﬂ
4.383% NaCl . ' 2.70
L UL,775% CaCl . ” o CELan
. ! . 9 B .
e .o 5 *
2.480% MgCl ‘. 0. HY
2 . B T
. ® . / ‘ . . ) . v N 1 '
A¥ain the IFT For the case where Mg ions dite precent his ot he .
.lowest; value‘HP_nIl.ANeverthéLess. the diffvrwnrv‘hvyWuvn thiesies
AFTs is notr considerable 1n terms of prnclf%ul EOH schemes,
. . Nl '
i ) - - <
. !
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. . B.2-Contact Angle Study. . ' . ” S
- —— — _ . . .
At this stage of the research, we encountered a great deal
B d{ difficulty in measuring the ‘water—~oil-solid contact athes.
. ’ . . . . . ’
The main reason for this was the partial miscibility and mixing
of the oil and water due to the low viscosity and possibly high
polafity of ° the Chatham crude oil. However,: we pérformed.some
oil-water-air contact ; angle measurements on glass’ slides
cavered yifh a very thin layver of connate water and a.dfép,éf
0oil on top of that. The values found for the two connate water
rormulqtiuhs used in this study were as follows
Tahle {8)-Contaclt angle measurement results - 5
h) i . . . ' - : ! ' .
olption -GﬂM'i,f.J - R . .
o ._tmpt g SRR G E b max.
| ;h' ‘f‘f““‘. N
n Vea ia .
1.5% Nall -« 6.1 . _ &. 5 Lot
. AR - * . . a ,-/ o .
’ [ R ‘i':-" . T Y ) B ) v ‘ ‘ .o i
‘ - LrossNact _ ot ‘ - <
’ B ' B - oo o ' ' . . T
A.8% cacCl - ‘ g, 10.0 . . L
. . . :1 ’ . . . X .
1.6% MgCL . . . S
. . 9’ R ‘
. %t was tound that  the values of _c%rt? angle decregse )
"exponentially with time.o ‘. } ‘ 3\. J
4 . . v
- - ) F )
* > ’ ] .‘l ‘ ‘
- n i -
N ) T ' -
- ¢ . ' )
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.In"a water¥wet porous medium, oil ié'in the form of blohbhs

’
-

and ganglia otcupying mainly the large pores. However, if .he
pbrous medium 1is an -oil—weé one, the oil wauld occupy small’

capillaries and would -alsd cover the sunface aof the solid

particles as a thin film. ‘As we will  sece  Iater, T our

observations suggested that the existence uf>the'di€n19nt Lons

would . make the porous medium more waler-wel. In other words, ..

- .

when divalent ions: are presentsthe oil would primarily be in

the form of ganglia and blobs and would 1

te 1he_(surface of the glass'ﬁéf}irlﬂs_as strongly as in {he

v

- . . , -
case when there weore no divalent jons present, This by 11sell

(not considering ,.cher faflors), might suggest o hetter

recovery of « 0il when divalent ijons ave preseat 1n‘rh¢ conngto

L. - .
. . .
. . -
water. .
; .
' L}
'
<) *
.
. 1 ~ N -~
f
.
v
T -
’ ' . Y .. .
.
.
* T .
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¥
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CHAPTER VII

o . s

v

PRECIFITA{E’;;RMATION AND PORE BLOCKAGE PHENOMENON

L

7.1-Precipitate Formation

. P . . H = .
' ) In order to investigate the phase behavior of the connate
! ‘ ' * . ' . - . ‘ .
water and the surfactant solutions du£1ng their contact, some
simple experiments were designed and carried out in test tubes.

+ % These experiments involved snlutions of dilute (0.2%}) and more

- concentrated (1% Petrostep-4120 surfactant as well as solutions
- v _ o ‘ ‘ .
< containing various amounts of electrolvtes that we were
r R " - ° ) ) .‘l .
- interested in. _Eanh Lime the twa. solutions were placed in

contact with each dthUrl in the same manner. A summary of the

-

results 1s - depicted in  Fig. 273 4dand can  bhe explained as

- . t

fallows inorganic ions ‘will caqéz}preoipitatiun of the
sulfonates when concentration of quLn‘ the salf or the

. {
surfarﬁgnlA is increased. Ih:thé.cage of NaC)l ®his oceurs at a

- ‘rather hiﬁh vunu&ntrationf*while'addi!ind n£ a sma l-nmount af
divalent ionsl to even' dilute soiutgpns_ of surfactant will
result in forﬁinonﬁaf precipiiate;_

-.*

The  important poini observed in our éiberimenté was.that an
electrolyte " solution containing only 1.5% NaC) would néLJform

prepipitatg with -P—420,,- even . at hd gh surfactant



Precipitation

e 7- " ' - r ! .
y & . " o : "
i - . ) ;
LTO9N 251 JIO9N XS°T . : Cro®n z9°1 .
uauux.noaa *10S TO®BN mum: 250" e - JTIJ%N 2§°1
-Tyowd 28y paIeinies . trowo gz T0%R 2§°1 . Croed 280y,
) ! - 7 W r i - P ] b —
19pnod . ! \\
dusyg v
y  @.. . .
- . .q s
» . & . )
ay o, ! el
JDUEN 2t : . 0Zy-d 21 0Zy-d 41 0Ty-d LT ugy~d X¢°
- 0cy-d I¢° QZw-d £7° : 0Zw-d XT° ‘ ' 0Z%-d 2T
x L]
. . . o ) 8183] inojaByag 9swyqd - (I ‘333 ‘
.’ . - I - -
= o
: | )
- |
. L , .



toncentrations of 4—5%,.(wtj. Howeber, the other connate katef

formulatiéﬁ used " in_  our diéplacement tests, namely the ope

R containing '1.5% NaCl, 4.8% CaCl and 1.6% MgCl , formed
. ' . . ' 2 _ . 2 .

large amounts of a sticky dark brown precipitate which was

i

sepaf&tqd from the - sulhtion_ by «centrifuging the. solution,
v Microscopic examinafion af this very high viscosity material

- reveated  the absence of any solid -particles. This substance
changed its appéarapge ‘quite significantly with time, More
preciSEIy,' after a periaod of. a fqg:hnurs it turned into a black

' / _'-" sticky plue-like material, very simiiar to P-420 itself. This

precipitat’ was  also  found to be quite vapaklu of sttcking to

-
.

the glass™ beads and blocking some of Lhe pares of the porous
) A . - : ' . . R .
mesdinm, This - was observed both in sipple tests invalvipg gluss

lujgu‘ls ahd the precipitate, and in the core holder at the end of

¢

the tertiary: recovery process,  as we will see later in this

R
dnudﬁr..
N L . . ] ,
. AR B co @
(h}Lik-vl a1 (40) fourrd that multivalent ihns‘undvrgu complex
.--.", . ; .

behavior involving precipitation followed by redissolution of”
the precipitates a! higher surfactant concentrations. This kind

q' of rpdissbfutiﬁn‘is delermined by the-fnfmatfuﬁ of the micelles
- » l:”.‘ that | can .snldhiliée \the ‘pre;ipituled: Sﬁlfunate{'Add{tidh of
?, ) wNnClﬁ to a snlﬁtioﬁ an;aining calcium sulfdnaté precipitateiéan
_ . - : ' , S
o ulsé, redis;olvé Lhe ]n;ief; However, further addition of ﬁuCl

r

will cadse reprecipitution of the surfactant. .
L] . s . .

F " . X ! . ’ . v R i . ' a
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This "is the reason why in our experiments we used u'éolut}on of
divalent ions and some NaCl as a salinity .control. to reducs

excessive sulfonate precipitatian by divalent iouns.

7.2-Pore Blockage'PhenOmpﬁun .

-

. N . . -
The ahove abservations compelled us to look for o mechanism

] .

o N ' . ' . " ‘ ;
which could explain what-ractually happened in the porous medium
when the precipitale was formed. We are proposing the following

- - .
0

mechanism which seems quite  reasonable  and dopgreal, Infthe

. ’ . Yo

. is the major woccupant . !i,m).ddle lI'”T‘l', Fig. 285, the coptact of
the surfactant and divalent ions would “form o precipitate which

in offect would par.tiall:v or completely block thoase pores, Then

‘the  surfactan! flood woultd have 1o find pores and. passopges that

v

had wot. been already blocked, namelyv those pures ovocupied by

oil. This would incredse the sweep efficiency and would resull
. . o
th a

higher oil  recovery,

However, h'lll‘l; 'Hac\ surfactnnt

L] . . ) . .
concentrat ton inereases, tedissolution of the proecspotgte could

L) ' . . .
occur which  in turn would rwedee the orvlgrecovery, [The results:

.

af our oil dispiacement | test S Chapter ' o' l\\r'm L hé-s-.r-
R assertions, i " : o= ) .
:i'- . * . . .
P e
: s - .
ot " ) - ) .
[ I . - .
“ . . ) . - ':.a .
." -
; .
l'L - - « . "
- e :
. . .
‘ r
r .

regions anid pores where connate waler ('tl!\l“ll!ill}[“lii‘\’:l'lt'il‘ ithus.

He
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“.rupt ures. in 1980 Huh;nht‘y, [)gu'v'is’.
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o -+ CHAPTER VITI , _
) “'; o : ._ e o . . Lo C,
) ', " GANGLTA FORMAT.ION AND FfNG'ERIN'G‘PA_TTPIﬁNS '
S /s . :
8.1-Ganglia Formation " )
= )

A - ganglion “is a nodular blob "of a noen welling phase thaut
J . .

. l d N - . . ' .
occupies at least one and usually several. adjaoining.chambers: ol
- S . - . . ’ - *

the void space in a permenble medium (44), Atter the primbry

and  secondary recaveries, on the average  two thirds of the 001P
remittns . trapped in the rescervoir, Thits " residuanl. ol exirstas an

N ]

the form of diserete oil ganglia and octupies 265 ta 50% of the

pPOrous  sSpace. The ather "50 to<7h% s occupied by the aqueaus
', *, . ’ ! . . ' o '.

phasé which 1n our case 15 the connate wiatern .

— (-\ [ .
. Ve .
,’ '. ) a4
o -
L] .

The ganglia are usunally produced l'hr"mu{h shoealdang ol blobs
J , . . :

\

+ * .

by  the retrealing olelc phase during ses ontdary tlooding™ Thas

-

takes place Vi.h«?n fingerlike protrusion J'f'_il.n.-. olere miess foras

- -~

a narraw neck under " the combined. «ffect’ off boedl !'.,'"‘!'liﬁllr‘v

o : SR | . N - . . .
difference acrods  the intortace, &1 . , cuned the agntectneinld
. .,. i . " . o _ neok . - . . o
tension, {Fig. 29, If Ap 1s suffaciently Targe,

. . ow o . ,n_er,-%k;”/; .
the ‘interfade' ,at., the neck’ becames :5;‘:1h|i'a- :u_ui the neck

e ) ' - y
Cand S'fﬁ‘ ven 14A%) predicted

"<that - névk  rupture eccurs if the foll].pwing Soriterion g o
- [ . . . - . .

n

T . .

. - neck o woe g
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arg'ia by waterflooding: hatched areas
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" v ' . - - ‘ : . . '
. where d - is the volumetric diameter of the pore chamber

P

an
)

adjacent .to the neck. The oil ganglia formed in this manner do

7 : . : ‘
no(_ usually travel far. The distance " aver which .a given
. N . . .~ L]

ganglion travels before _it #ets stranded is a function of lhe

ganglion éize, the: contact angle, the ﬁornus medium geometry,,

the water saturation (8 ) and the cnﬁillnry'uumhvr.
. W . .
- [ T . .
During the oil displacement Kests in this study, it was

f the Cl_llllllﬂl(f wal e

.

noticed that depending. on the compositian o

in place, there were different fingering and ganglTia formatl ian

- : " patterns. These phenomena were rnpbislﬂntly observed during all

A ﬁ the experiments: To be more explicit whep Lhe connile winter

. “ . .
contained NaCl only, the [ingers were very small and short and

' . ' S o . ' . .
the aqueous front {displacing phase’y moved quite regulacty and
. : VoL : . '
_unif'urml}f' “in such a wny’hat the ‘ﬂ‘wu‘p!‘- area teft behind did not

contain any wmdjor lard® size o1l banks nr.unnklnn, The whale

area seemed to have been swept uniformly,
- ' ’ . ) a
q L ] ‘ - " -

e
-
.

On - the ather-hand, when di valent i ons were present o the
. connate water (1.5% -Na€l, 4.8% CaCl «+and "1.06% MgCl ), the
displaceﬁent pattern looked very d{ffereht{ First of all,) there

N\ '-_ ) . . . . N . -
were many ‘unswept argas left " behind and it seemed that the

displacing phase'. was " bBypassingyg 'many'taréhs-uf the wreservair,
e ; - . . ’

o ' “
. 1

R ! * - A ' . R ‘ . '_ ‘
. - 'Another important dspect was the wide and Tong shape of Lhe
. - v ) . - ; * N . .

fingéré. The swept aﬁeg looked.}ike a "leqpardisﬁin"_cnntutning

many . small dark.. - patches that .were il ganglia

. R -

. . . - ,r . . s .

-
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a ' L

¢ c e

o L Lt ' ' .-. . ’ - v

and ‘oil - banks‘ trapped,_ih'thé pore'spéces. ‘As the experiments

-

advanced, more and more of: these oil, éang]ia _were pushed
towa?ﬂs the ., outlet . and the medium became brigbter. The -

injection of isuffactant‘in tertiary recovery, swept these areas
“ A .

»
-om—_y

“7and a dark front could be seen moviﬁg_and Jaéhing these dark

W
v

oil ganglia regions. . -

‘Since the permecability of the porbus medium was higher at

the regions “adjacent to the plexiglass core holder wall, an
~ ‘ ! ‘ \
effort was made to make  sure that hhis_phpnoménnn was not

“ocecurring 6nly' at . the neighborhood wf the . wall. The close

L)

examination of  the interior core confirmed that this process

accurred in all régions of the porousi'medium. Numerous

]

photographs were taken during each process. The schematic

+ F]

drawings in-Flg.'?31) represent some of these patterns.

’

ﬂl the npxi stage we decided to find nur'whigﬁ factors were

responsible for this '$frangé . "bBehavior. "Since the 'dnly

ﬁﬂ{?bervnve bhetween thi experiments was the existence of
. A Lt \ - .

divalent cations,, displacement: tests were conducted with
connate waters cobntaining only one of the ¢lectrolvtes at a

time. ThL results showed 'thaf it was the magnesium and, to a’

~ . . 4 . .’ . . . : . .
lesser extent, caleium  jons  which’ were respons;;::\}%r this .

) kanélia _formation and“irﬁégdlar fingering phenomenon: In trying
" to _find!'dut‘,more apohf_ the  mechaniem of this process, IFT,
pressure. . drop and viscosity ‘messurements were conducted

“'- ;o D ‘ B

1



i
v
e

LA

"Early Sec.'Rec._:

‘
<
-
.
.
'
.
'
e
- [] 4
ast
. :
.
s

;]

© "aTig. 31 - rtﬁgergpu'rs:cern- et 'W.‘Eb-

‘Late” S6&i Rec.

- - . . . : . . S

e .
. arEed '

. gt | ‘
| e
ton]
ca*?

',:: .
]




2\ . . .
A ot :
e e
. .
T
-
.
L]
-
N
4
’
c
X
(e .
. =
' 1
K
N
-
.
[y
-
.
B
.

However, in tests involving connute water solutions with equal—

4 Sy
“higher than ihgt of “the.

. ) K . ‘ )
! - - . ‘ ..
', L . 86 ° .
I T .. . . . —/ .
, .
3 . . ¢ . . . - B
. ' ' 7 et

*

in detail. As depicted. in Fig. (25), th&_gpcfeasing ergr of
An _de S red T1E ,

magnitudé of the IFT. for connate; water solutions each
: ~’——._____ . . e * . - - _-.‘ . .
containing .one' of our three electrolytes_corresponds to NaCl,
Cacl, .and MgCl i.e., N IR
2 2 S o L _
. - e . . K . .
.0 { YowMg Yowca‘ .Yong

-

In  additiom, thé: ﬁisCosity,of,ghélternary cannate water

. . T . - ) . 9.' . " o 4
solution containing 1.5% " NaCl, 4.8% CaCl and 1.6% MgCl
g o . oo o2 - 2

was ‘about 20% higher than the wne containing 1.5% NaCl alone.

ionic strengths (4.38% NaCl - 2.77% cCaCl ' - 2.38% MgCl ),
. S . ) . oot 2 - ) - 2 )
even- though - the wviscosity: of the NaCl solution was abgut 5%

" -

'qthér.tyo solutions, the préviously

mentioned strange pattern .and fingering behavior was ondy-
. . Y v

hd . . .

ohserved with solutions "containing divalent ions, and not with

NaC] ‘solution. ~This suggested that althod}ﬁ tbe biqusitf can

'vhunnp the ‘pressure  drop across - the neck of the fingef and

therefore influence the ganglia formation,'the rather Emall 20%
. ! . " .

viscosity differehce it our case. could not be the detrimental

+

factor '(higher tviscosity of  the connate water -solutions

P

containing  divalent ions can increuse the sweep efficiency and
thereby the oil vecovery).. - TS, - - .

. S . ‘ ) ; ¢: '

» . ) r . ) l"

[FT ' point uof view, we

Luokiﬁg at this phenomenon - fraom ¢
' : v ‘ -
: ~ 7. - Co T
find that the ratio belween the IFT vplueéfin some cases 1% as, -
' . ¥ I 1. ' » v . )
high. as 200% (e.g., 'MgCl and NaCl™ solutions). With this |
- - ‘ L : . .

" . o=
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" observation  and

formation criterion,

assuming .

. L]

constant dfi in  our hﬁnuliu
T . . p N
‘easily be concluded -thut there is .

ul

. . ” o ) o .
- much ‘more ss1ibi - finger neck’ rupture and therefore
L (. PR o . . ’ ’ ‘ . -
ganglia f tion when ' the connate water conslsﬂg of divalent -3
cations than when. it - contains - sndem‘ cations  alone, ©
-Nevertheless, we' believe sthat in this very complex process ..
. . ' ) ) i - ) . 5 o . E R —_— .
there are _other factors which must he taken into consideration
. A o . . ‘. o
¢ " . L. ' -
such * as the wettability and electrochemical propevties. of “ehch.
of the individual Lons, as wel | ny arl elpectralye
L o LT .. .- .
interagtions. These . areas were, however, . bevond the scope o
. ‘ _ , g - ‘ |
this research project, . - .
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Lo ~ - CHAPTER:TX © . .
. . ' OIL DISPLACEMENT TESTS
v . . S : ‘.-- ' -

‘As mentioned éariiér,-thb diéplaceﬁent”tésts were_conductép
ﬁSiné 'fwo  _sff§£ég{es. _ St;ateg§7_ ii -wés"aﬁni}iafed- w;th.
Wéteffloéding,-(gedgﬁdafy réco#éfijr whiéh took ﬁﬂbuﬁ leﬁ hoﬁfg

A to?‘bbepa;; and éompiﬁiéf -fhe tertiary kec;vef?fgas-éoﬁménéed'.
% ”f{ﬁga-foiidwinﬁ .da;i¥First expctimenis fi£hwihe Qbre holder iﬁ‘u_
ho?iﬁontﬁl  ;ositi6n_ showed Ftbat tﬁé-g}évigatibn31 f6téél%oﬁla il
a play -al;rqie'dur;ﬁg tﬁe time-intérvéljbetwéen ££é‘QGCuﬁﬂﬁry nnq
" _.t;rti;r& E‘récoverieéﬂ . M;fé”fgpreefs;1§} 'siﬁée‘ théﬁeh'is 53 
: :difference. betﬁeén fh; denéitylgf oil and yarénps cnnnafe-ﬁgtéﬁ ;
::f‘épiufions, the”gfeﬁiduél o{ilnbynrééoveredvjpil at tﬂé'éné nf
.éécondaryf rechery)_ would "tfﬁvéi-:tdy the hbpér.‘hh]f of the
- pofoﬁé_.mééiﬂm;{ Althbﬁgh thi; 7mobiiefoi1 was‘recnvéred during
e o , . . . c o ‘
‘A'tertiary - recovery, if.ﬁé§‘decided to do sdme;Of:tﬁé'lésts'jpfa 
, 'gé?ficéli mddea‘ where the g;%vifégion51: force.wduldfsliéhtlj.
. :@éééist the récévery; S - © o %i “_‘ "¥-.

¥ g

= " .There was no clear phase separation or oil mobilization in

.o
.i. n " . S

0 s the_jﬂaase. of vertical displaceméﬁts,‘ posSibfyjtbeCaUse the‘~

:tféppéd 9il" in the llﬁrgérf pores (the 'oi32 that ”cduld be

;mobilitedf ‘by_ fgnaﬁityf;,during ﬁ&é“waitiﬁ§ fpériod .bgtwegh



Sec°"d§??5f3ndﬁiteffi;{5' recoveraes) had already been mobllleA
" and irecouereﬂA Adridg

possibiiity;ncould‘ be that in the case of hor1zontal floodlng,
. ~ o o ) ' ..;~ ', . 'l

theWg'gravityt'would push.'the '011 'upward towards ’the more .

:_perﬁeable' areas around the cell walls, whereas 1n the vert1ca1
‘case the’ force.-of grav1tv was only effectqve along the length

‘ »- /.
of* the  cell towards thc outlet whlch 1$ a path alf

drelative permeabllltv to water constantly decreases (amount of

o

unrecoveredwoal increases towards the outlet of the cell)

) o - N .o L - . /
o Loae . i . . N . . L . :. -
: c - . ;

‘ gg Most of the dlsplacement tests were performed tW1ce and the

results shown here .are, the; ayerage values. In genegal; the
reproduolblltty " of . the ..experiments was usatisfactory{ The
. . S ) s [

P
P

‘relative"etfo%f*wasA never ' more . than 1-2%. The resultS‘of the
S o - ' SN o gt
Strategy Il experiments are now described. ’ .

. .

.Two_iéxperjﬁents-'Were desiéned?,to 'iﬁvestiéate the effects of

one of .. the experlments {run 6) a three week old surfactant was

e,

injected :Lnto- a porous medlum wH1ch was 88% saturated w1th o1l

Co{12% connate water contalnlng 1 5% NaCl), while the ‘other cell_”

,:wéé ftboded ‘with' fresh- surfactant solutlon.—Both surfactant

-

solutions -were made of 0. 2% Petrostep 420 ‘and- 1. 5% NaCl As

e SR b

;seen in - Fik.(32), from the early stages 6f the recovery (after

21.8 PV, mote,5oil. has been “k_overed w1th fresh surfactantu
v ‘ ""“ T

ong wh1ch the_

: surfactant5 agtng The conditions werevidenticai escept that-in

tﬁe'; secondary recovery.‘/ Another_?“
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R ','ftheh w1th the\.old one Thls dlfference Was

gﬁ*fiﬂ,- ' ~and '5.5% 'after 8 PV of SUrfactant floodlng _The rﬁason 11es in

"
® »

the fact rthat the' olﬁ ‘surfactant had lost some of 1ts IFT

S i . . : . A':H

-~lower1ng propert1es= and therefqre 'cbuld not recover oil as:‘

.eff1c1ent1y 'as'hthe fresh surfactant:i901ution. 'T£ was. then

dec1ded.to USe,ffbsh surfactant solutlons for all future- runs.
e . .

- Coa .. . . L . PR

e 5~HunsgmlJ~and;f AFig. 3?) .were. carrled aut u31ng connate water““““m‘

solytions -containing‘ dlfferent electrolyte' compositions. One -

with-  1.5% QNeCi _eniy ana"the other 'con;eining;_a_ higL e&
o  eoneen§retion of_.diﬁaleef.,ionsj (4.8% CaCl: ,.el.Si MgCl ) as.’
‘S‘r_;l .Qell'-es 1.5% NaCl. TThe ipnic.Strength.of tﬁe secdnd:eolﬁtion‘
‘was:.;beur '8“times'ﬂhigheg Lhan the one’ contalnlng 1‘5 NaCl.

‘Although' the cap111ary number for ‘the flrst solut1on is greater
. ",fﬁahQ that of the -second one, we' ¢an see'from the productlon
. '_“'J.‘o_ L. R . .

"'history“curve‘ that up to 5 PV of surfactant floodlng, the 0il

£ recovery for the cores Lonta1n1ng dlvaleht ions was higher than

that W1th~‘nga d1va1ent "ions (4% hlgher at,5 PV). Based.on qur
. o ! - . . . 3 } . [

'ebServations”.we believe tﬂie is  caused by-tﬁe:poreybiockege~
s+ " ‘effect due to . precipitate fOnﬁefioh :;eseribed in Chapter 7.

However,. towards tHe ?e;d of the.ekperimehﬁe the“dyﬁamic and'
. - ‘;isedus f;reee~ cause& by the new’ surfactant flood were pushlngl- -
| ‘mdst‘ of the prec1p1tate' 6u£-—qff‘thez pores 'and towards:the |

- © 7 outlet.
Furthermore; sindej the amount of the. cehhete water and. the
R R ,-Teencentrafion of the divalep§~ ions kere_decreasing“With{%ime_

L e —
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[ ! s

@gflutiqp"effect caused by

Vheveg'been. 1es§ and 1ess prec1p1tat1on formatlon.-Thls explalns;fﬂ.sﬁ

a0 TN -

- why the ~slope’ of the- PEOdQﬁtlon f?jzze ?or tde case where':’w N

divalent: ions .were . present decreases

. : 4 towards the end of the d
réccveryl‘process. On the pther.3hahd,f due‘tn low;\\iz?,ftﬂe.*

~

amount of o©il recovered from the.porcus'medihm containi g.NeCl”

~only is CQnstantlyrinCreased withput dramatic. complications. -

o . .5 After5'1{2ﬂ PV - of surfactant floodlng most of the connate

'water .originally in place (about - 10% _of PV) 1s-rep1aced‘byiﬁ

surfactants. -ﬁConsequently, it becomes very. 7diffichlft
-investigate any possible

on the recovery +process.

future tests _.“Ei“ﬁf——Stl‘ateay 1, namely s,econdary connate water":"

- ;fléoding to remove most of the Qorp and the tertlary recovery

." . P

—

to produce the rema1n1ng res1dua1 01] In thls fashzen; by the .

end of the secondary recovery, nearly 60 704 of the pore volume

has been occupled by brlne conta1n1ng electrolytes in whlch we

dare ‘ihterestedr Then any'p0551blc effects of those ions will be

- ST ) o f

-more obvious:

effects of connate water compos1t1@ﬂm

PR

Sometlmes in the f1e1d 1t 1s customary to omlt the secondary‘

.

'[ water flood completeh&,nand go dlrectly to tert1ary surfactant

-

floadlng Iﬁ this case the electro]yte concentratlons at the

- . . ..ﬂ

\ ";‘»‘.‘Ibegrnnlng foff the flood mlght still be high bﬁt obv1ously the

"a 'V-:

quant1ty of connate_water present would be very small
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Tﬁef@féfé;;{iﬁé§;AQoﬁht 16f‘fiﬁé“jpfééibfﬁﬁfe?:f§fﬁéd”ﬁa} not be

jlafgef eﬁgﬁghf't&”uﬁ}bdﬁcé: aﬁxkaobsérvéb1etgbre bldbkégé effect

| p—

‘ o . s , N G
y'"~f"f ’ | Wlth regard to these fa eideéisidntwas,ﬁaf,‘ E~-'g-fc‘n~?mfH'"
R szthé .futupe dlsplacement tests Iﬁmmng ‘Séra£é§y“£L : Tﬁwsjévt
)  wateﬁ looding‘A foll%%ed hY 3 ﬁJéiumes‘ qf‘ gpéfndthnt
Jfl ' I-ﬁ%fy) 1nJect1on.- : ' ;_ '}f' . | |
" . - o | ' '

) Tbelfeéﬁlts of a tfpica] disp1acemeht:test uSinp trnlegy [
‘are.lshowﬁ: iﬁ Fig. (34) .After 0&]# i PV of waterfloudqngﬂ?huut
 60% -of ‘the 0OIP '15' secovered (larﬁp qlbpv éf the érudpctiqn
\hisfory purve}; ,Thel reason 11es in thé %act thal Siﬁcnlié'the

;%:" - beginning the reservoir .js almosL 90% saturated wj@ﬁ 0il, thuf

+

e - dynamic and v1scous forCPs of the watpf flood are sufilrlpnt to‘

drive most of the @il occupying 'the-l?qge pupgsguul of lh?

‘ppréﬁs medlum. But then‘the'rate of recdvéry sloﬁs down .and at

.6 PV of waterfloodlny there 1s v1rtuﬂlly nao morc utl rn«uvvred

(producttonf curve <bgcqhes almost Qprgzontal}ﬁ‘ At ths stagp'

J i ‘most ‘of: the 2B% nem annp -(revidua%) oiT"s*lrapped Ln-Ver

.small pores wh1c*¥the watq; flood alone LS noL qble to. recover:

. . . ¥ 1 : 4 :
Up to thls tlme, the rﬁcovery procesq hac 1nvolvvd physical

.forcés' alone but " to recover exxra'o11 we would need to use-a
chemical =~ ptocess as well This ,is when _we slart  our -
I L e "
—- .
- B ; o .
[ ‘. . Y B
Lot A
[ °_ ey -~
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Ve

5 [SECONDARY 6 Py PURE. WATER -
£ |TERTIARY i 47pv StRFT.

A

CSYSTEM.
CONNATE *
WATER-

¢

(1)

SECONDARY REC. { 6 P.V.) =~ ™

IgﬁTIARI'REC.&o PV .

1.F.T
mi/m

N
:103

ca

1

v
o

6 PV

I.F;?ﬁ

'mN}m”

N

10 PY

. [PURE WATER -

34.84

(1)

1.98 5.0 | .o10 |59.87 |73.71

o

:!63_5

RECODUERY (12>

A

o g " ‘ f ‘ -
: . S B
o " Fig. 34-PRODUCTION HISIORY "RUN N0.:26 . -
100 - : : I > 2@ g
" .| O REC(x) vs. PORE UOLUNE. _— . 7 .
96/ I WATER/OIL RATIO . (WOR). «: | ' {8

T T T 7 1

PORE VOLUNE INJECTED
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curves the WOR has not been represented on al] Lhe graphs

R

atertlary 'recovery us1ng h surfactant 501ut10n of 0 2% (wt)fv

‘_-P 420 énd' 1 5% NaCl - The surfactant s’ abnl;tya to- redupg:ﬁ&

401l/water IFT makes ‘it ea51er 'for thel d1splacrng flooq to..

mohilize- and recovef‘ the re51dua1 nll trapped 1n small pores

K . . . <. v

"1This part -~ of the_ recovery.'i both _ phys1qa1 as well_asr

T R - 5

chemlcal process

B

- . . " L '
. 4 | . Co . P

- On  the- lower. part‘bf Flg (?4) is the 90“tﬂlled water/01lf

. .

ratlo curve‘(WOR) It simply’ represents the ratxo of the VQlume

I ——

df the d1¢p1ac1ng phase (water and eurfartant) tn he Uulume oﬁ

' L F’-

the d1splaced phase- (011) , From the econom1cs paint of vwa,

’..

- -

"WOR. is ~an” 1mportant factor to hé gonsldered In:pract1ce'w08;h

v L B e -

’ £l

The irregularity _at _the ﬁeby bep1nn1n? lof the WOR curvv*ls

3simp1y- due e$o the fact that 1n,thls stage of the procpss_ihe,#

-ameunt féf? 011 recovered is almost cqual to Lhe qudntlty of thp="7

”:“waterL.injected ,(i;e.‘wthe breakthrough has not yeL esgnf1::; 1':hh;

Naturally thjsf‘cannot contlnue for lony and soon the slnpo of

the WOR curve‘ystabilizes., Thls curve could have been plotted

\

for each.eindividual 'experlment However, 1t is nnt of ma;nrQ

1nterest  so ‘fdr the sake of clarlty of the product1on hlstory ﬂ

i‘.“

e o :, ~ . - et
B - B N -

Experiments_Ndn'iTland IBj(Eig 35) are 1dent1ca1 except for

the fact that-ﬂin runl'lBe_inalent ions have been added to

AL

valueS-Ngreater than 20 are not cons1dered economical fn EOR.
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the ‘connate. s

production Feurvel
PP _‘r RUERI

'“difference‘.%e mofe than
1.sectlons"6f2' and 8 l dlvalent 1ons may make the porous medlum

_:less 011 wet and Wbms‘ mlght ﬁeﬁﬂfh Llreason beh1nd hl?her |

"}:feooVeqy .1:r1ng ‘iﬁn_'lﬁgl In fact the ganglla obsexved‘f‘ thle
'l;¢aée‘,¢ﬁu1d '

i]}phehomenohf 'Aﬁwgthe}feame_ tlme, the facﬁ that the vlsoosxty of

*_oheffueed 1n run 17 should contrlbute somewhat’to thlS 1hEpensé

"ih'freeovery_ through better sweep efilc

1;re¢oﬁe?yf ;endﬂ;dﬁ;*pﬁei¥eoﬁﬁfof the surido{ant floodlnﬁ hub
Wﬁhreaohed 74 nwalue :{Wé,-ponsider; iﬁe‘sporej blookage effect
' descr1bed=;¢§%%‘ Sectioh ~7§2“eoe§poheihycf For‘ﬁthxs' 1nrrou uJ

. recovery during tertiary recovery. LT T

”“nUmber of 0 174 ‘for run 18 comparedvto 0. 719 for run ‘17 (dufiﬁg N

. again  and again during = . subsegéént = experiments

' recQVEfy¢‘-At‘ tﬁé"egh&%*oeﬁﬁhﬁa__ econdary recovery (SPV) thlsﬂ.io

i YO

._“‘

xheye%,been‘ formed due Lo th1 _wettab111tv rvlated

:'Lbe conndte water uqed 1n run 18 was ﬂbout ’0% greate Zthanothe‘f

. Lo i N ,
' [ . — - . Lw Fe
R

P

ncy.’ThiSsinhFeaéé in

_oilf'reoovery foecame-“even ‘more*‘obv1ou5' durlng the Leztlary

The dlqplacement test data of Fiﬁ {35) show.a rﬂpifinrye

ftertlary recovery), at the same - time the [FT of run;l?-ls Luwer

‘than that :'jof"_._run 18 (03.035 ‘and 0.355)_. Considering N -~ and. :

. ‘(H

- “IFT -values alone, we would expect a hlgher recovery for run-l?,;' .
,i;e{ when there are no dlvalent 1ons present. However, thrs‘isf
not the.case‘and.the faet that'we encountered:the:same behavior

<



L) ' Lo
L il S
C sl - e e Do - g CRY ] T
i .
i
U, 1 Fod 2

although N and IFT'
. ‘ SRR ogg—— ‘”,;:»'-_‘ . . : o ‘ o
'nrthe pérformance of " a reservoir.’ ‘and' the oil

.

.f'arecdveryfby&N . and IFT data alone.‘r

e LT . v ST

.‘”“forfhrunQLIB dls 2 058 compared to 0. 256 for run 17 Th;s,‘as we

S

Wettablllty behav1or of the porous medlum..- . ﬁ%} i
i ’ ' N - : - .:'.\- ; \
: : ) . . st H : . f ‘ P . "'_ : ‘ R o : : "‘E" A “"‘!. . * L

In trylng to f1nd out whlrh of the two d1 alent 1ons could

S e o p
fukfo.};hﬁ‘ respon51b1e for a’ h1gher recovery, we perf rmed experlments

o .recover-%?fqr;ﬂthe"systems. contalnlng MgC1\ was the 10WESt of
RN D | 2
L av;g”f‘;all;_wh1ch may ‘be' due &o- the fact that the very strange and

[

irrepular f1nger1ng patterns observed in- thlS case’ have reduced

the sweep eff1r1ency resultlng in poor recovery

—

. . o A ‘;‘ . " B -,“ ; .
el At the end. of secondary recovery the pores contaln about

. . o "— "'«.
. R 60-70%: connate water The addltlon of s:fF

,gectant to the porous

h than lx),w while we observe sharp 1ncreases in . recovery durlng
nuﬁs elQ ‘and ;29 (about 9% 7). We belleve that preC1p1tatlon and
PR the subsequent pore blockage Fechanlsm are respon51ble for thls

o observed As in the same 1ncreas1ng order of jonic¢ strengths and

re'important-factors;”one'

behav1or., On the other hand the 1ncre351ng‘order of recoverles

P

The 1on1c strength is the next 1tem to be con31dered The ISs.

—e

'lf;wiil';"discuss- later,ybmayf‘play- a «role in ldeternininﬁw theff

(.,.

- o IFTs and decrea51ng order “of caplllary numbers.g-z S .
. ’ -‘ L o .-""" ’.." e I : N ‘, '..‘" ka .. B ) /\

20 (F1g 36) At the end of- the secondary floodlng, the ‘ff"”

o B

SO medium contalnlng NaCl alone- does not produce much 011 (1955"";;
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SN ‘rf-llf o n”ﬂ | R | . ‘
{ To 1ncrease our degree of certalnty about the true nature of‘;

'w‘Ehéi 011"recovery--and the mechanlsms 1nvolved fexperlments 21f"'
”and‘=22 were' performed (F1g 37) RuanJ or1g1nally~contalned}'”

.-

J

cdlvalent 1ons hut durlng secondary recovery it was flooded w1th

e H;”rxﬁ”'-eﬁ connate water contalnlng NaCl only, in such :a way that at the

-;endf of B”ﬁ??f-secondary floodlng most of the dlvaleht ions -
'rﬁre;ent .in the beglnnlng of the exper1ment (about 10%) together“

- 'with”7e, large. portlon “of the OOIP had been eubstltuted by the”

connetél water contalnlng NaCl - only {70- 80% of the pore leume)

8 J‘The amount of the;o11 recoverediln-both_secono;ry.and tertlery
'R oL ' ‘ . :

recoveriee gare. iower than- those of run‘zzﬁwh;ch islthe-ekaCt,‘

ooposite case. eIt con51sted of .a por6u§‘ medium‘6riginally,

- A'containigé ﬁaCl‘ alone - and floodlng it w1th 6 PV of a connete

-;atEr-'econtaini‘g -divnlent_ 1ons,~ Thenefore, ,the' subsequent

; sorfactant' fioo ing‘ewgoid result 1n pre01p1tate formatlon and .

o- fpore bfockaée; which in-~ effegt would contrlbute to a @ﬂghtrt

) oﬁrecovery of.?bout‘5.5%: - .
\w. N s e ) . :7, ' o ‘o »

. * -

. . B - PR

The next ‘stage of whe research iwboived,experinents with’
systems having the  same ionic strength‘of 0;75,(Fé¥. 38). At

&.,thé end of the secondary floodlng, the 0il recovery for.the
. ““ ) . .‘ . \
. ecase where' calcium ions were present was sllghtly hlgher than

-

thée other two’ cases.-ganglia were‘formed in the case of MgCl
and,” to a é;sser extent,. with CaCl . Then, durlng tertlary
. . 2 B .
'] J
recorery{ ‘the rate of recovery increase 1s almost 1dentlcal for

-

ell: " three . cases {(7-8%). The eifett pfr ‘IS on

b : e
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recovery’ tﬁ is

‘Qettabili y" p§Eformance‘ of' ' the Zporou§ medium. Higher IFT aﬁd o
. ' ' P .“, _— "\.‘:.'- . .'... _' T . o h ' ) R bl
1owéf ‘N .for: the %fse of ' NaCl could explain the slightly .
Y . ca . o . R . .
lower recovery observed. The fact that the viscosity of 4.38%

!l oe

NaCl S61utibﬁfis abouf‘lox'greatef.thah the otherrtﬁo—solutioné.

would reduce the 'mobjlity ratio ; N ' y

Wi M :. ( K U ) / { K u ) i (13) o .

w, o B . w. o . [0 T * B . -

and improve the - recovery but obviously this increase in

" recovery through better éwéep_ efficiehcy:is nolt the dominant

aspect in this gase. . . .

X

- It shdﬁld‘be noteq‘that_it is. - extremely dgfficuif to prcdiu!ﬂ

and - judge the pgﬁformance of the "displacement tests on fﬂq

basis of individual factors invelved, simply because during:

each. stage of .the_experimentai work there are various factors

*
-

involved suchﬁ'aé TFT, N, IS,viscoesity, ‘contacl angle and
“ .. . .‘_-‘ * . . ca’ . r )

wettability "properties ~  of - the system, - . 8 s |,
' ' o C o oi or

électrochemjcal. effects, ‘ganglia formation, = pore ‘blockage

phenomenon.. and',possibly 1maﬁ} other knqwn and uhknown_ﬁdclorél'

¢

They could well be dominant in one stage of the ‘experiment and

less effective in some others. While we are iq,mOStLCﬂSeswﬁblcm_”.

to1 deséribe the individual :effecfs of each factor, due_to

complexities of  the system, it is impossible to describe the

ensemble  Bf the proéess with‘anj”high.degree.of_certainty._In
other words it is extremely difficult to point out any

1
-

»

. ’ )
single

- believed to okcur through its  XifTuence ‘on




-

. nature of the pore blockage mechanlsm

faotor"as--fhé‘ domlnant and detrlmental aspect of the process.“

,'diaplaoing ~phaaé and pore blockage effects could contrlbute to

high 0il ‘fecoverles;d while 'at the same‘tlme hlgh IFT”and low‘

e

Y

capillary number would produce the oppos1te effect AQ»the same

._,For' inatancéi for ‘a -glven experlment hlgh vlsc051ty of thei

time_‘thore are-‘many other contrlbutlng factors w1th dlfferent'

-ieﬁals of ' contribution - and wh11e. we oan dlscuasilthem

5 - . ) . C R C <
individually, it is very difficult to know exactly which_one‘is

tha'dominapt one and what the outcome would be.

’

Maryeson (35) has reported aﬁ:almoaf constant ITT between
ChaLham‘ 011 and solutlons contalnlng 1.6% NacCl and 0 01- 5? (wt)
P-420° (Fig.. . 39). ‘Therefore! in trylng to cancel out any IFT

effécps; @e 4 performed some -'experlments Cwith .different:

zacqncentratiuﬁS‘\of P~420 (within the range 0.01-3%). Since the

dogreé of brecipitation when surfactant comes‘in éontact:wifh

L3

~divalent' ions -greatly‘.dopehda upon' the Poncehtration of thef’f

surfactant, this _wouldr enable- us to‘further 1nvest1gate the‘

- . 3

F’ ' - -s:a"
T : § o g7 - “

( . -
Exper1ments 11 and 12 (Flg 40) involved'solutiOns of 1.5%

. / : N
NaCl 'as the Fonnate_water. The poroua medlum was flooded w1th 5

PV of the %:me connate water until no more oil could be
c . L o C . . . :
recovered. As: we can seé at this;stage'about'TB%'of the OOIP

by

has baen‘ facobared. Ne%} 3 PV of a;PetrqstéprZU and 1.5% NaCl

was injected 1into the porous :medidﬁ._'ln the caaa of run 11

s

e
-
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Dependence of. I“
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case - where the less concentrated

e

.this édlution, cpntaineq qniy O:OSx,ggkfacfant‘and ih_r@nqlzmit

"gbhtained .3%"P-4f0. Sincé.thépe_wérg'no‘difaleht_ions pfeseni,

[

ﬁno‘ precipitatidp, or - ganglia formation beccurred. The 1% higher

" recovery - with " theé more concentrated suirfactant - dould be

L ——

‘attributed to'fhékgfeater viscosity of this diéplﬁcing hase.

BN . B .
)
-
R

. -
. . .-

»

. . _ _ - . _ \ |
Experiments 7  and 8 were next performed (¥ig. Gl\ wilh o

su}factant‘ solution containiﬁg 1%‘?*426 and as‘usuai l.Sz'Naﬁl._v

The connate waters were the ones used in most experiments,
. e - ) ‘ )

namely 1.5%° NaCl on- one hand,.and‘];S% NaCl; Q;RX_CaCl. and

M |
1.6% Mgcl

recoVér§“ almost 75% of -the OQOIP- hﬁs been replaced ﬁy Lhe

3
- . £

‘ . . : i ‘ B o : R
corresponding connate waters. However, the production:curve of”

experiment B (containing divalent ions) shows a sharp incredse

’ .

© in  recovery duriqg‘terfiary surfaétan1.flobding which could be

) atﬁﬁibuted- to precipitaté Jormation and pore hlnckpgu effects

5

as déscribbd>in Section 7.2.° ©
L Experiments 8 ‘ahd;'10_fFig. 42) "invoelved similar connate
waters  containing equal amounts of divaleént as well ‘ds

. . - ' ' ' e, . : ., - - ° )
monovalent ions. By the end of secondary waterflooding, in bolth

_cases  about 75% of the 0OIP had beén'producéd. However at the

S .

end of tertiary recovery there was more oil recovered in the

tr o (1%) ghrféétant'was‘uscd.
Although™ ‘this differenée  was only @bout 1% (relative tertiary

4

récdvérieé"afe'”IB;S. and 15.7%,“ a"dif?érencey'of “3;2ﬁ}i;{n':

L —— " ' *
N : ' 3 B . Ij
. r . R

on the other 5héﬂd. At the end ofuthé secongaryf
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R : Cevh, - ‘_'ﬂ__flﬂi\ BT A
~1arge scale recévery-f.projectsf-'this~~couldj~translate‘<into —

‘miflliong ° f dollars. 3At' any“rate; ﬁe'neliene the reason fon

- L —

lowef ”recovery wirh more - concentrated surfactant mlght be the

FIA . . )
P . R ;

,ff:;', redlssolution‘ mechanism« proposed by Celik (40) «To ‘be more
precise;f'a the end of tertlary recovery 1n exper1ment 10 the

concentratlon of the surfactant has been constantly 1ntrea51ng
oo . oo - o ;
(in. theﬁ‘beginningﬁ of surfactant flooding due to d1lut1on '

] . —
: ..

‘effects;.:tﬁenﬂreal 'concentration- of surfactant is practlcally
less- ”gﬁén : 3%).,-andufithis.'m1fht red1ssolve- some of - the'
nrecipitates formed 1nsear11er stages of tertlary reconery when
the"concentrat;on ofk the -surfactant was st111 1esa than 3%.

. oo
. [

c needﬁggti91‘”fHere;'hohldf”be fewer pores‘eblocked, with the "

P ecipitate, resulting infaflcnpr recovery;

“To further _inveetigate: the pore blockage phenomenon, ne

. . . ‘ ) . .
. conducted experiments 1n whlch the so- called tert1ary recovery

. o ‘ [ . L
' ‘ l.’ . ‘. ' . ' S
T inv Ived displacement of 0il" by solutlons of 1norgan1c salts

B [

(1nstead nf surfactants) known to form 1nsoluble prec1p1tates

W&thﬂ d1valent 1ons. These 1norgan1c salts ‘are not known to haue
‘“any'ﬂsurface act1v1ty ‘and therefore would not change the IFT

5

f‘between-'tne_'o11 and water phases One qf the more 1nterest1ng

;'1_salts TWas sodium carbonate- whlch would react W1th 33101um or

T PR R ) DR : B
R ,magnes1um‘ chloride “ to ‘,form' insoldble' CaCO ;. and MgCQﬁ
: VR - Lo - - S S .3 3 -

iﬁfnrecipitates;accordingito fEE*?oTTPn{ng‘reactions s

oF S



b I ©p12
) -+ CaCl &——> CaCo. + 2NaCl. - - R
_v U Na\CO  + MgCl ———3 MgCO- + 3NaCl * - ..

' Experimenfss13 aﬁdeﬁ-(Fig; 43) were.pefformed!qung our twd

typical systems (one containing ' NaCl and . }hé 'other'CaCl .

EY]
e

MgC1 as fﬁéli as NaCl). 5 PV of waterflooding resulted in a
.2 T : - L ' ) ‘ : o _
3% higher Fecovgry' for -~ the system lacking divalent ions. The |

so-called tertiarj recovéry' was ~ then started using:a 5% (wt)

solution ~of © Na CO.. As - soon " as  the ' sodium carbonate
2 3 : - , T ~
'solution came into conkact with the porous-medium containing.

-

-

divalent .ions, a,,whitea‘pfecipitate"was formed. Thé tertiéry .-

-

'feco%ery of run 13 was higher Lhaﬁ ihat_of run 14 (relative | \$

,yrécomeriés of 13.68 compared'_to,'s.sgx)..'The . formation of

CaCo and  MgCO brecipigzﬁés. and ‘suhséqucntf'pqre blockage
éffects' in’ the case where diygqugﬁiqnﬂjwere present explains
these‘rgsuLts.‘ '

- o o . . ) .
', .
' - - .
Sy . . . .. ; L : ‘
In another ..experiment {run 6 - Fig. 44) a connate water.
14§imilar to that of run 13 (containing divalent ionsJ‘was'uéedu‘JZ

HoWever,' in- this; gxperiment¢the tertiary‘flqu‘contained oq1y

1% 'Na_CO . As we can see ffoﬁf_the"product&on curve of
23 ' ceoe : ' S

Figure .{44), 'the -amount ‘of  0il recovered 'dyring tertiary

(sodium carbqnate)'”flooding is greater in the case where a 5%

-
gt o

--jsdiutionr'of'-ﬂafcon ‘was used (réléti?e 'fecdferiest'bf'13.68- Af““
- ‘ 2 3 ; . - E '
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,%:{é."Conséquently;-

~solulion ; as compared to that of the firsti one. this would

. " ‘ . . . ¢ ’ .

féémpared  to:" 3.2d$)fh The  reason is' :that, the amount of-

Ipfééip@ta{e ;fbrm9d“ in_ffhﬁ 16 wasfless_thén that formgd in run

P
&

.-

aT 1%,£§dlution"of Na CO  was used which iﬁ‘effect;resulté in
S o g . : o

d]"ﬁ- e

@ %

fthat . some “iaf this.'higher. recovery with 5% solution of

Na CO mjghé--he'.paused fby .greatef"viscosify. of the latter,

result in.a better sweep efficiency qndha&h@gher oil'recovéfy.

2 ;

[

o

“there is.goiﬁg to be 1®ss pare bloykage'wheh'

‘a -lower oil recovery. We,should not,. however, .ignore the fact .-

. R - . . .
S e ) e o - S N A
C e . . 2 . - o i v R



" 'CONCLUSIONS

AN .
L

1- In  the labsénce;of‘suffactaﬁfs,'the 1?T'Bétween'the oil and

"ﬁater cqnfaining NaCl 'had.thé highest values lollowed hy,lhﬁt

2 L
- -

of the o0il and conpate waters cohtainihg‘CaCl: and MgCl -

2 In the presence of'a 0.2% (wt) solution of P=420 surfactant,
the TIFT between the oil and ~ connale water containing Cacl

. . N . . .. - . 2

s

produced - .

‘was the _highesif The connate water containing MpCl©
COo T T “

the second highest IFTs and that with NaCl the lowest of all. =~ "y

K

3l“*Divh]énth ibps l@ogld.make'tbe“poruqskmedﬁunf;uy:ﬁgﬁu(fH¥wﬁTZ
Therefore, the oil wouid qﬁbupy”thé.iérgé.pﬁrqg'in7t5$*¥nrm”nfj;

.

blobs and ganglia relativély‘easy Lu:recovahrfln“thp.hhkﬁnvhth
-+ divalent ioqs,-@he porous. medium would be moreé @il-wét. The oil -

would ‘primarily occupy small pores and would Yorm a thin layer.

. on thé.'surface of the dolid particiés{‘This_sfréné%atlnéhment-”;V

<t

B - o } . . t R : el ] . “.'-t".' . A Lo
onto the surface would' make il difficull to recover oil Trom"

_these oil-wet porous media. . LT B C et

L4~ In ‘'the fabsengé_ of diﬁalent ions, the-penétratiph.nfﬁthé

'edisplégrﬂg  fluid 1into the oil " phase produced many smagll and- -

. LA
- S 4
e . A
' RN
- v
» ' ' (
1 - S '
Pl
. ® - .
* T R
. K .
~ - - -,



‘hzdbvipﬁs infthe caSe of MgCl-.

=wil) would. be 1ucreased .resu1t1ng in hlgher 01l reoovery.

P . . -

"préeent,' the. flngers were:.very harge and 1rregu1ar._Many oil

te

'Jgaeglia_'andf'blobe were formed These 1rregular1t1es were more

2 - . .. ._"l“-, -. ‘ .‘

or the -surfaeteqt'l wourld: ‘increase the -amount .of these

J‘ma(erial quife capahle of partlally or completely blocklng the-

. pgres[’“in Whth case flow through the other: pores (contalnlng

.
A

Teﬁ Mopoualent catlons (at least in- the concentrat1on range used in -

ﬂthis prn}ect) ~did not form prec1p1tates W1th the petroleum

sulfonate

N .‘ PR
Lo

Y

G~ - The - existence of 'divglent ions, in the connate water would

7- ThL degree of prec1p1tat1on and pore blockage would 1ncreaee

,ﬁ]w1th the \concentrat1on “of surfactant and so woul@.the 011

recavery. HOWever."“a --Point ‘would be"reached - where 'the-”'
- A ( ._——; )
; OBy . ‘

fth;n' f:ngers wlthout eny ma;or ganglla. When'divEIent”ions'were4T

"‘5-'~ 'Diﬁaﬁenh'ions woilld cause the precipitation -of the petroleum

'.sulfonéteﬂ An. increage in the concentratioﬁ;of,either‘the'salt'

'-brecipifates. This. precipitate is' --high' viscosity st:cky'

L ’ Fo e . LT o L -
cause @&  higher 01l vrecovery’ from such pores due to the pore .

fBlQEkage ..pheﬁdmenon; This. ‘mechaeiem has - beee‘ ‘further‘

.i“nvésii%é-t'e:d' “and confirmed by - 1nJecf10n of Na'Co (instead

of“‘e.suffg¢tanff Ifane_'r subsequent i formati'on2 if_ 5305. _
" .‘preC'ipi.;.‘t_:“a"‘t_:_ef‘s. AR - B - 3
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_éd%%éﬁtration;'of:vsufféctant -is high gndughgfor;redissolﬁiion

[

-'proé§§éé§ - to start, injwhiéh case the émbunt of precipitafe and

the - léve}‘ of pore blqckage woﬁldl'bdth‘ Bcgin to .decrease

;greSUIting'in a reduction in 0il recovery.

A .

\ 8— 0il recovery from a porous medium is a very complex process.
Although one may investigate the individual contribulion of

such 'factorS' as IFT, N , 1S, contact angle, pore blockage

. ‘ .. ) . ea . - . . .. 7 - .
) ‘ effect, ganglia formation, etes, it is extremely difficalt to -
1 N . N . . . “ .
: express the size of each contribution “with high degrees of
Y . . s . I . . v 3 -
v . certainty. Tn other words, the outcome of the djsplacemenl
. . B . . - .

tests depends ﬁpqh many factors and it is the ensemlble of these

factors Lthat- will determine the result.of the oil displacement

L ' . . . L ' -
o .. . process. .
N .
e .
B ~ -
. ) T
s : N .
‘V -
. & . ' L}
- ‘ -
~ i
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»
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. .. CHAPTER XI .

. S .o

7/ RECOMMENDATIONS

- . ' - . C e
-

 Based . on the findings of this research project, the

following recommendations are made :
- .*J. . . ’\‘. . . ‘ .

_"A)~FUrtHer¢study could be conducted™in these areas

)
4

1- More dgtailea studigs' of wetfabi]ity and',tontact anéle*

‘ £ . o s ‘
L behavior :of_ "such systems  should be. performed in close

conjunction with displacement studies. This would reveal more
'./ B ) o . . X . .

~'information - about the 'complex mechanisms involved in. such-.

- .
. ]

‘diSﬁlaceménj processes. . St T " .

.

¥

2- Complete. and thorough studies of eléctfochémiéé} propgrtiés

t

of ﬁhe various electrolyte systems 'used jn'oufastudy 5houL&

-

provide uéeful information” about sﬁph:ehings as'zéia ﬁé%éntia]r

attractive -and. - repulsive férces;'féfc...J: ép_ab-ling| future:

- .

. CoL ' , . . SR T T :
researchers to have 'a better: understanding of oil recovery

~

mechanisms from the eleéctrochemical point of view. ~
. Lsh A sEeLPe . e

-
LY

-
¥

" be considered.

3- ﬁosgibility_ of perfdrming experiments undef{more_realistic

_conditiens .such as at higher temperatures andffréssures should

-



o e Ty 20
) ‘ ) . I .‘ ) _|.. ; ‘7.‘ ) ‘ 'l ._._‘.‘.._——. ‘~.... . - ,;' X ) . ; e .: . . ?l - . ..:_v:-.‘_
i, : ";.m4fJ_P0551b;11ty_jqﬁ};conducﬁxng;”dlsplgqement_:experiments$.withf

1heavigr' oiis"SUCh;‘as'ﬂLloydﬁinstﬁfjfanqLCGldLﬂéké”oiis should -

als® be studied..’

— LI

_‘\B}~qusiblg improvement of the g@splacement_set~un3:

‘1- Since the group has just purchased a core flooding facility,
] . - . N . : ’ N B ‘,_ .
I ‘would strongly suggest that future “displacement tests bhe
conducted with 'this wew equipmedt, in whi¢h case the parous
N -7 - medium doées - not. have to be changed from experiment ta
' o Cl : - . ' I LT .
experiment. . In addition, the  ftempePfature-pressure condilions, 7 .
G “.'“ . o . ‘ s S
would also be easier to manipulate.
» l‘- N . . » o ‘
2- 'The pressure drop measurements . should be performed.usiny
‘ more accurate equipﬁent‘ such  as differential pressure
transducers, = 0. .
3- The prodiced fluids shoild be analvzed wilh more retiable
. and precise- instruments such as the spectrophotomeler or the .
high"pressuré separaQor, E .
B Ed
by - . . :
1
E ) ' r r
'- - L™
. . )
' I
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A - -

NOMENCLATURE

A) Abbreviations
§ ﬁEOR : " . Enhanced 0il Recovery

t
v

:TEPFTi_" : InEerfacial'Tensioh (mN/m) .

ffs ,; -~ Tomic Strength

’
I3

r
oo - Original 0il. In Place’
Pore Volume

Water/Oil Ratio

- : N T
[ 3 . . . - ASN

A AR Core holder cross sectional area,. Cnm

c "”:  ) Congén;ratién; (wt%)

dﬁf, J H"-fVolumetrjé diaﬁeterlof ‘the
K.i Permeability,  m,

'LA_ : Fj _ Core holder length;wcm
w ‘*“ 3 M s - Mobility ratio
_ ) S , - |

- Capiiléry'numbér'*;””

':cf' 3ff? o Molar édngentfétion, moie/lit

« N

4 77 Density, Diametér of fhe. droplet

pore chamber
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- LT P e Capillary_pressnre,aﬁtm'
L e ' : 8 ‘ , : S _
Q f_ Aqueous phase flow rate, Cm /Sec:. . .. : Do

} j;gf i ‘ " . Radius of the cﬁrvaturé;ﬁﬁm ‘ S _ )
_ R - = TR L ~—
Spi - Irreducible oil saturation,. % . B
Sw{ Irreducible water saturation, %l;.' ‘ . - a
sbf ' Initial oil saturation, % e “' S ;;;
S " ' ‘_Residuai'ofl saturation, %
Or ' . . . . o '
T . Reciprocal of angular velocity

u : A Velocity,gcm/min E .
\_“‘ v ~ Velocity, Cm/min" : o , '
’ ;ﬁ/f’# X Length.of;thé pdroﬁs*mggium - g
a YA . Valency of ions E -
=3 - - " :

C)*Greek Symbols

- . o -

;l - _ : Mbbilftyn

o _ Spreading‘pressure, Atm . ‘ ‘J"
‘ | . . . . :. . i ‘ & l' . -

H L Viscosity, cp -

AP ‘ | Pressure“drdp écrqgs guceftnin tength of the
porous medium, Atm

l ¢ S - Porosity i . ,‘ T ‘: ..} ‘ f - 1

Pfessureﬂdrob acr;ss<tﬂ; ngéﬁ'of”a;finger{ Atm

Cobp o -1bensity,diffeféﬁée_betﬁg%nlfhé oiljand'watef S
- ‘“phages h. ‘ ' ;,!  _ | |

= Y ~ .‘ﬁlhférfaéialjtension.‘mN/;

 ;. ~ e . Contact angle, degrees_
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